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Abstract
I n  th is  in v e s t ig a t io n  th e  h y p o th e s is  t h a t  th e  N o r t h e r n  P la in s  o f  M a rs  h a v e  
b e e n  s h a p e d  b y  p e r ig la c ia l  p ro c e s se s  is a s se s se d . A  p e r ig la c ia l  f o r m a t io n  
m e c h a n is m  h a s  b e e n  p ro p o s e d  fo r  a v a r ie ty  o f  m a r t ia n  la n d fo rm s . T h e s e  
w e re  e x a m in e d  w i th  a p a r t ic u la r  fo c u s  o n  c la s t ic  p a t te r n e d  g ro u n d .
P e r ig la c ia l  e n v i r o n m e n ts  o c c u r  in  c o ld  c l im a te  r e g io n s  o f  E a r th  d u e  to  th e  
r e p e a te d  f r e e z in g  a n d  th a w in g  o f  w a te r ,  t h e y  r e q u ir e  th e  p re s e n c e  o f  l iq u id  
w a te r  to  d e v e lo p . C o n s e q u e n tly ,  i f  m a r t ia n  la n d f o r m s  a re  p e r ig la c ia l  t h e n  
th e y  w o u ld  p ro v id e  a u s e fu l  g e o m o rp h ic  m a r k e r  fo r  lo c a t io n s  w h e r e  w a te r  
h a s  b e e n  l iq u id  in  th e  g e o lo g ic a lly  r e c e n t  p a s t.
T h e  m a in  s t r a n d  o f  th is  in v e s t ig a t io n  c o n s is te d  o f  a s u rv e y  o f  h ig h  
r e s o lu t io n  im a g e s  f r o m  th e  M a rs  R e c o n n a is s a n c e  O r b i te r  s p a c e c ra f t . 
L o c a tio n s  w i t h  p u ta t iv e  p e r ig la c ia l  la n d f o r m s  w e re  e x a m in e d  to  t e s t  th is  
a n d  o th e r  f o r m a t io n  h y p o th e s e s .  T h i s  s e r ie s  o f  s u rv e y s  w a s  s u p p o r te d  b y  
tw o  o th e r  r e s e a rc h  a c tiv it ie s ;  tw o  f ie ld  c a m p a ig n s  w e re  c o n d u c te d  to  
e x a m in e  s o r te d  p a t te r n e d  g ro u n d  in  Ic e la n d . A i r  p h o to g ra p h s ,  v e r if ie d  b y  
in  s i tu  o b s e rv a t io n s ,  w e re  c o m p a re d  to  th e  m a r t ia n  fe a tu re s  s tu d ie d  in  th e  
m a in  s u rv e y . A  la b o r a to r y  s tu d y  w a s  a lso  c o n d u c te d  w i th  th e  a im  o f  
t e s t in g  w h e th e r  p e r ig la c ia l  p ro c e s s e s  w e re  v ia b le  u n d e r  th e  lo w  
te m p e r a tu r e  c o n d i t io n s  fo u n d  o n  th e  m a r t ia n  s u rfa c e  in  th e  p r e s e n t  d a y . 
T h i s  “p r o o f  o f  c o n c e p t” s tu d y  p ro v e d  in c o n c lu s iv e , b u t  is s u m m a r is e d  fo r  
c o m p le te n e s s .
I t  w a s  f o u n d  t h a t  th e  m o rp h o lo g y  a n d  s i tu a t io n  o f  th e s e  m a r t ia n  
la n d f o r m s  w a s  a re a s o n a b le  f i t  f o r  t h a t  w h ic h  w o u ld  b e  e x p e c te d  in  a 
p e r ig la c ia l  e n v i r o n m e n t .  T w o  a l te r n a t iv e  th e o r ie s  to  e x p la in  th e  f o r m a t io n  
o f  m a r t ia n  c la s t ic  n e tw o rk s  w e re  re je c te d , as  th e y  d id  n o t  a p p e a r  to  f i t  w i th  
th e  o b s e rv e d  m o rp h o lo g ie s . I t  r e m a in s  u n c e r ta in  w h e th e r  p e r ig la c ia l  
p ro c e s s e s  a re  v ia b le  o n  M a rs , b u t  t h e y  r e m a in  th e  b e s t  th e o r y  to  e x p la in  
th e  o c c u r re n c e  o f  c la s t ic  n e tw o rk s  o n  th e  N o r t h e r n  P la in s .
-  8 FEB 2016
The Library
d o n a t io n
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Figure i .i : A rtis t’s Im pression of Sorted Patterned ground in a m artian  im pact crater.
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i Chapter One: Introduction
T his investigation sets out to  exam ine the possibility that liquid water, possibly in the 
form  of highly concentrated brines, has caused the developm ent of periglacial 
landform s on the surface o f M ars. Periglacial processes and landform s will be discussed 
in detail in C hapter Tw o. In essence a periglacial landscape is one where the repeated 
freezing and thaw ing o f the upper layer of ice-rich perm afrost shapes the landscape, 
resulting in a suite of distinctive landform s. These include aggradational features such 
as frost m ounds, and degradational features such as therm okarstic depressions and 
solifluction lobes. O ne o f the m ost characteristic periglacial landform s is sorted 
patterned ground where m any freeze thaw  cycles set up a positive feedback loop, 
m oving larger stones into circles or stripes around dom ains of finer grained m aterial.
T he form ation of all of these features requires the action of liquid w ater and it is th is 
tha t makes th is suite of landform s significant in a planetary context. Because o f the 
dependence on thaw ing these landform s should only occur in  the presence o f ground 
ice and under conditions where liquid w ater can occur. Consequently, they  offer an 
im portan t insight into the environm ental conditions under w hich they  form ed. 
Periglacial landform s could thus form  a useful geomorphic m arker for places where 
repeated thaw ing o f w ater has been possible in the geologically recent past.
i.i W ater and the Martian Environment
T he environm ent of M ars has fascinated hum an observers for generations, and for 
alm ost all of that tim e the availability o f w ater has dom inated our in terest in  the 
planet. T he earliest speculation on the m artian  environm ent im agined the planet to be 
m uch like Earth (e.g. Herschel, 1784). Observers w ith  relatively little in form ation
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about the nature of the other planets saw no reason to suppose that they were unlike 
their own (Kargel, 2004). Even as recently as the start of the 20th century it was 
speculated, som ew hat fancifully, tha t canals or channels o f w ater m ight be keeping a 
dying world alive (Lowell, 1908, 1906, 1895). W ate r is so in trinsic to the environm ent of 
Earth tha t it is no surprise tha t its presence or absence on M ars defined our perception 
of w hat tha t planet m ight be like. T he idea tha t M ars is an Earth-like planet has always 
caught the public im agination.
Later observations o f the M artian  surface and clim ate would prove these assum ptions 
to be false. M odern M ars has no bodies of standing water. Channels tha t m ay be 
ancient river system s are present, but no persistent channelized flows of water, 
w hether natural or artificial, exist in the present day (Bargery et al., 2011). Liquid water 
at the surface is only m etastable and w ill quickly freeze or sublim ate w hen exposed to 
M ars’ low atm ospheric pressure and extrem ely cold tem peratures (Bargery et al., 2010; 
Carr, 1983; H echt, 2002). How ever, despite being extrem ely cold and dry, M ars does 
have a large volume of w ater ice, both as part of the polar ice caps (Plaut et al., 2007; 
Thom as et al., 1992) and in the  subsurface at m id to high latitudes (Boynton et al., 2010; 
Feldm an et al., 2004, 2002).
A lthough the surface of present day M ars is dom inated by aeolian and impact driven 
processes (Bargery et al., 2011), it rem ains the m ost Earth-like of the other terrestrial 
planets. T he range of surface tem peratures is not vastly dissimilar: M ars’ m ean surface 
tem perature is of the  order of 210 K, but it can get m uch w arm er, varying between 140 
and 300 K (Kieffer et al., 1992). Thus tem peratures rise above the freezing point of 
w ater in favourable locations on the w arm est days of the year (H aberle et al., 2001). 
T here  is considerable overlap betw een the tem peratures experienced by M ars’ m ost 
extrem e w arm  environm ents and E arth’s m ost extrem e cold ones.
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W hile  rivers and seas are absent in the present day, there is clear evidence tha t w ater 
has played an active geomorphic role at various points in the p lanet’s h istory  (Baker, 
2001; Carr, 2012; Parker et al., 1993). Even m etastable w ater can be an effective erosive 
agent if  it travels far enough before boiling away due to the th in  atm osphere, or 
freezing due to the low tem peratures. Large outflow channels were probably carved by 
w ater (Baker, 2001; Carr, 2012, 1979; Conw ay et al., 2011; Sharp and M alin, 1975) and 
sm aller gullies m ay be evidence o f fluvial activity  in geologically recent tim es (M alin  
and Edgett, 2000). In situ observations of m artian  sedim entary rocks have provided 
evidence that m any were emplaced under fluvial conditions (e.g. W illiam s et al., 2013). 
There has been considerable debate as to w hether seas have existed on the northern  
plains at various points in the past (Baker et al., 1991; M .A. Kreslavsky and Head, 2002; 
M alin and Edgett, 1999; Parker et al., 1993; Pechm ann, 1980).
T he presence of liquid w ater has rem ained central to m any questions o f astrobiology. 
“Follow the W ate r” is one of the m ain aims o f N A S A ’s M ars exploration program  
(Johnson, 2010), both due to its im portance for resource utilisation on fu ture  m anned 
m issions and because w et environm ents are those m ost likely to harbour life as we 
know  it. Consequently, any m eans of identifying small scale occurrences o f liquid 
w ater at the m artian  surface has value.
A dditionally, recent research into “cryobrines” w ith  low eutectic tem peratures (e.g. 
M ohlm ann and Thom sen, 2011) has explored the possibility th a t very saline w ater could 
be thaw ing under a w ider range of environm ental conditions, and so could be a viable 
geomorphic agent. The current investigation w ill fu rther discuss the possibility th a t 
brines such as the perchlorate solutions observed at the phoenix landing site (C ull et al., 
2010; H echt et al., 2009) could allow periglacial processes to occur.
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1.2 Periglacial Environments?
Large scale fluvial processes are no longer as active on M ars as they once were, and 
probably never dom inated the m artian  environm ent to the extent tha t they do on Earth 
(Baker, 2001; Carr, 1996; Irw in et al., 2005). Consequently, it is im portant to consider 
m ore extrem e environm ents tha t are also shaped by the interaction of liquid w ater w ith  
the landscape. Terrestrial cold climate environm ents are shaped by glacial and 
periglacial processes and the same m ay well be true for some parts of M ars.
D iscussion o f putative periglacial features on the m artian  surface began during the 
latter part of the 20th century using images from  the V iking orbiters of the mid 1970s 
(C arr and Schaber, 1977; Costard and Kargel, 1995; Lucchitta, 1981). T he start o f the 21st 
century has seen a dram atic increase in the instrum entation  both  in orbit around M ars 
and on its surface. O rbiters have been constantly  imaging the m artian  surface since the 
arrival o f M ars Global Surveyor in 1997, and rovers have been operational on the 
surface since 2004, albeit only at a few isolated locations.
T he w ealth of data over the last tw o decades has facilitated the identification of 
num erous putative periglacial features. These include scalloped depressions in U topia 
Planitia (e.g. Soare et al., 2008). These could be the result of processes analogous w ith  
terrestrial therm okarst depressions. The clastic stripes and lobate structures observed 
across the  northern  high latitudes (G allagher and Balme, 2011; Johnsson et al., 2012) 
could be evidence o f sorting and solifluction processes. A ll of these landform s will be 
discussed in  more detail in C hapter Two.
H ow ever, w hile these features appeared to be m orphologically sim ilar to  terrestrial 
periglacial landform s the question of how they could have form ed rem ains uncertain. 
Since periglacial processes require the repeated freezing and thaw ing of a perm afrost 
active layer they  would no t be expected to be com m on on M ars, if  they  occur at all. It is
also know n that landform s resulting from  completely different processes can arrive at 
sim ilar morphologies, a phenom enon term ed “equifinality”. Could seem ingly periglacial 
landform s have evolved through other means?
Equifinality is a m ajor problem  w hen exam ining the landscape from  rem otely sensed 
data, since there is a substantial lack of ground tru th  observations in m artian 
geomorphology. W hile  it is possible to assess the likelihood th a t a landform , or 
preferably a landscape, is the  result o f periglacial processes it is im possible to  be certain 
o f its form ation m echanism  w ithout in situ observations. Strong evidence is required to 
prove that landform s resulted from  thaw ing, rather than  other processes w hich would 
be expected to be m ore com m on on M ars.
1,2,1 W h a t  m a k e s  a co m p e llin g  case  fo r  a p e rig lac ia l e n v iro n m e n t?
Firstly the presence of abundant ground ice is required. W ith o u t perm afrost there 
cannot be active periglacial processes, only relict landform s from  a tim e w hen the 
region was m ore saturated w ith  ground ice. T he focus of th is investigation is the 
N orthern  Plains of M ars, a large low lying region consisting o f Acidalia, U topia and 
Arcadia Planitiae. T his area is dom inated by low lying ground believed to  be covered 
by an extensive ice-dust m antle at m id to high latitudes (H ead et al., 2003; Kreslavsky 
and Head, 2002; M ustard et al., 2001). It is therefore a good candidate for the  presence of 
ice related landform s. If  ground ice is stable in th is region as suggested by the 
observations o f Boynton et al., (2010) and Feldman et al., (2004, 2002), th en  th is latitude 
range could provide the substrate needed for periglacial processes.
Secondly, the surface tem perature m ust regularly become high enough to  result in  the  
thaw ing of an active layer. If  the ground is perpetually frozen, as m ay be the  case over 
m uch of M ars, a periglacial environm ent cannot occur. T h is m ay no t necessarily 
require the tem perature to rise above zero °C, as the  presence o f concentrated salt
solutions w ith in  the ground w ater could potentially  depress the freezing point 
sufficiently to allow thaw ing to occur at m uch lower tem peratures (e.g. M ohlm ann and 
T hom sen, 2011).
Thirdly , compelling sites should exhibit m ultiple putative periglacial features in close 
p roxim ity  to one another. These features should exhibit morphological relationships 
w ith  each other consistent w ith  those seen in assemblages of sim ilar landform s on 
Earth. Such assemblages would indicate that the constituent landform s probably 
developed through related processes. Hence, while m orphologically sim ilar landform s 
can form  by different processes; those th a t occur w ith in  a coherent assemblage provide 
a stronger case for a periglacial origin.
Finally, building on the above point, the situation of an assemblage can also be 
considered. If  the m orphology of the observed features closely m atches that w hich 
w ould be expected as a result o f the observed variations in topography, setting or 
environm ent then  it adds more w eight to the analogue. H ow ever while m any of these 
factors can rule out a feature as being periglacial they  do not provide enough evidence 
to  accept a periglacial hypothesis. A  definite answ er to the question of how these 
features form ed m ust await ground tru th  data from  future m issions to mars.
1.3 Available Data
T he steady increase in the resolution o f rem otely sensed data allow increasingly more 
detailed assessm ents of possible periglacial features to occur and so is invaluable in 
testing these form ation m echanism  hypotheses. T his investigation makes use of several 
types o f images to survey the N orthern  Plains of M ars for possible periglacial features. 
T he  m ost im portant are images from  the H igh Resolution Imaging Science Experim ent 
(H iR ISE ) camera on the M ars Reconnaissance O rb iter (M R O ) spacecraft (D elam ere et 
al., 2010; M cEw en et al., 2010).
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Images from  the H iR ISE instrum ent can have a resolution o f 25 cm per pixel. T his is 
sufficient for m etre scale boulders to be resolved and detailed exam ination of the 
structure of possible areas of sorted patterned ground to be conducted. T h is m akes it 
possible to assess the likelihood tha t these very small scale features are periglacial in 
nature. This study also uses data from  the C T X  C ontext camera, also on M RO . T his 
instrum ent is designed to com plem ent H iR ISE and is used to expand the area th a t can 
be exam ined, albeit at a lower resolution of around 6 m  per pixel (M alin  et al., 2007).
1.4 A im s o f the Investigation
T his investigation exam ines the likelihood that a periglacial environm ent has evolved 
on the m artian  surface in the geologically recent past. T he aim  is to catalogue a variety  
of putative periglacial landform s across the  northern  plains and assess the  ex ten t to 
w hich they fit a periglacial model. T he secondary aim  is to assess the ex ten t to w hich a 
periglacial environm ent is viable under m artian  tem perature and pressure conditions. 
The investigation has tw o m ain hypotheses:
Hypothesis 1:
The Northern Plains o f Mars have been a periglacial environment in the recent past. 
Hypothesis 2:
Periglacial processes can occur at temperatures below o°C as a result o f freezing point 
depression by brines.
In  order to test these hypotheses a variety  o f research activities have been conducted. 
T he m ain strand of th is investigation is an extensive survey o f the M artian  N o rth ern  
Plains to exam ine the d istribution of a variety  of potential periglacial landform s. T h is  
was the m ain research activity  and will be discussed throughout the thesis. C hap ter Six 
sets out the m ethodology of th is project, while the results are presented and analysed in
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Chapters Seven through Ten. T his rem ote sensing survey was supported by two 
sm aller projects. A series of laboratory studies were conducted to investigate w hether 
the depression o f the freezing point by salt solutions could allow periglacial processes to 
occur at sub-zero tem peratures. Tw o short field campaigns were also conducted to 
exam ine sorted patterned ground in Iceland, and investigate how variations in the 
m orphology of patterned ground w ith  topography compared to the m orphology of 
m artian  features. The laboratory and field studies are described in Chapters Three and 
Four respectively, as is all the relevant literature and background to them .
1.4.1 R e m o te  S e n s in g  S u rv e y s
In  th is project a series of surveys of high resolution rem ote sensing data have been 
conducted to locate possible periglacial features and assess w hether there is a pattern  to 
the locations in w hich they  occur. T his allows the latitudinal, topographic and 
environm ental conditions required for the  form ation of these landform s to be 
constrained. T his can be used to assess w hether they can be explained by a periglacial 
paradigm  or w hether another form ation m echanism  is required. A lthough a wide range 
of putative periglacial landform s are exam ined the focus of m uch of this study is on 
clastic netw orks w hich could be examples of sorted patterned ground. These are one of 
the m ost characteristic periglacial landform s and are also easy to identify as they do not 
resem ble m any other landform s.
1.4 .2  L a b o ra to ry  S tu d ie s
In  th is part o f the investigation the sorting process was exam ined using a variety of
m odel experim ents. T rays of sand and stones were repeatedly frozen and thaw ed w ith
the aim  of sim ulating the developm ent o f sorted patterned ground in the laboratory.
H ad th is proved successful then  the experim ent could have been repeated at lower
tem peratures using possible cryobrines to depress the  freezing point. H ow ever
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p ro b le m s  w i th  th e  d e v e lo p m e n t o f  a re liab le  m e th o d  u n d e r  te r re s tr ia l  c o n d itio n s  
p re c lu d e d  th is  lin e  o f  re se a rc h . T h e  la b o ra to ry  w o rk  is su m m a rise d  in  a p p e n d ix  o n e  fo r 
c o m p le ten ess , b u t  is o n ly  re fe rre d  to  b r ie f ly  in  th e  re m a in d e r  o f  th e  th e s is .
1.4.3 F ie ld  S tu d ie s
In  th is  in v e s tig a tio n  tw o  fie ld  ca m p a ig n s  w ere  c o n d u c te d  in  th e  S k ag a fjo rS u r re g io n  o f  
n o r th e rn  Ice lan d . A  v a r ie ty  o f  e x am p le s  o f  so r te d  p a tte rn e d  g ro u n d  w e re  o b se rv e d  a n d  
d o c u m e n te d . T h e  f ir s t  e x p e d itio n  w as in  su p p o rt o f  a re m o te  sen s in g  p ro je c t w h ic h  
g e n e ra te d  e x te n s iv e  A e ria l p h o to g ra p h s  a n d  L iD A R  o f  th e  site . T h e  fo llo w in g  y e a r  
S tru c tu re  f ro m  M o tio n  (S fM )  w as u sed  to  p ro d u ce  D ig ita l E le v a tio n  M o d e ls  o f  sm a ll 
scale p a tte rn e d  g ro u n d  to  c o m p le m e n t th e  re m o te  sen s in g  d a ta . N u m e ro u s  e x a m p le s  o f  
so rted  p a tte rn e d  g ro u n d  w e re  c h a ra c te r ise d  a n d  d o c u m e n te d  o n  b o th  m e tre  a n d  
c e n tim e tre  scales.
1.5 Thesis structure
T h is  c h a p te r  is a n  in tro d u c tio n  to  th e  to p ic  o f  th e  th e s is , th e  a im s  o f  th e  re se a rc h  a n d  
th e  rea so n s  fo r  c o n d u c tin g  it. T h e  fo llo w in g  c h a p te rs  a re  d esc rib ed  here :
C h a p te r  T w o  c o n s is ts  o f  an  in tro d u c tio n  to  th e  p e rig lac ia l e n v iro n m e n t  a n d  th e  
p ro cesses  a n d  la n d fo rm s  fo u n d  th e re . T h e  m a in  p e rig la c ia l la n d fo rm s  are  d isc u sse d  in  
de ta il. T e r re s tr ia l  e x a m p le s  a re  p re se n te d  a lo n g  w i th  th e  e v id en ce  fo r  th e i r  p re se n c e  o n  
M a rs  w i th in  th e  e x is tin g  p la n e ta ry  g e o m o rp h o lo g y  li te ra tu re .
C h a p te r  T h re e  d iscu sses  th e  c o n d itio n s  n e c e ssa ry  fo r  th e  fo rm a tio n  o f  a p e r ig la c ia l 
e n v iro n m e n t o n  M a rs  an d  p re se n ts  a v a r ie ty  o f  h y p o th e se s  as to  h o w  su c h  fe a tu re s  
cou ld  fo rm . I t  e x a m in e s  th e  ro le  o f  b r in e s  w i th  lo w  e u te c tic  te m p e ra tu re s  in  fa c i l i ta t in g  
th e  fo rm a tio n  o f  a p e rig lac ia l lan d scap e  u n d e r  m a r t ia n  te m p e ra tu re  c o n d it io n s . T h is  
c h a p te r  a lso  d iscu sse s  th e  p ro p e rtie s  o f  f ro s t-su sc e p tib le  so ils a n d  th e  re q u ire m e n ts  fo r
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fre e z e  th a w  so rtin g . C h a p te r  T h re e  co m p ares  an d  c o n tra s ts  th e se  re q u ire m e n ts  w ith  
th e  c o n d itio n s  p re se n t o n  th e  n o r th e rn  p la in s  o f  M ars .
Chapter Four e x a m in e s  so rted  p a tte rn e d  g ro u n d  in  m o re  d e ta il. T h is  c h a p te r  p re se n ts  
th e  re su lts  o f  th e  fie ld  c a m p a ig n s  e x a m in in g  so rted  p a tte rn e d  g ro u n d  in  N o r th e rn  
Ice lan d . T h e se  o b se rv a tio n s  h e lp  to  se t a te r re s tr ia l  b a se lin e  th a t  can  be  u sed  to  
ca teg o rise  m a r t ia n  p a tte rn e d  g ro u n d  an d  assess th e  lik e lih o o d  th a t  it  is p e rig lac ia l in  
o rig in .
Chapter Five b u ild s  u p o n  th e  w o rk  in  C h a p te r  F our, a p p ly in g  th e  sam e m e th o d s  th a t  
w e re  u sed  to  c h a ra c te rise  Ic e la n d ic  p a tte rn e d  g ro u n d  to  m a r t ia n  fea tu re s . T h e  a rea  in  
a n d  a ro u n d  L o m o n o so v  C ra te r  in  th e  n o r th  o f  A c id a lia  P la n itia  is u sed  as a case s tu d y  
to  d e m o n s tra te  th a t  th e  m a r t ia n  fe a tu re s  are  co m p arab le  to  th o se  fo u n d  o n  E arth .
Chapter Six d iscu sses  th e  m e th o d o lo g y  o f  a se ries o f  su rv e y s  o f  A c id a lia , U to p ia  an d  
A rc a d ia  P la n itia e  u s in g  H iR IS E  an d  C T X  d a ta . T h e  s tu d y  a reas  are  d esc rib ed  a n d  th e  
la n d fo rm s  e x a m in e d  as p a r t  o f  th e  su rv e y  d iscussed .
Chapter Seven th e n  p re se n ts  th e  re su lts  o f  th e se  su rv ey s . T h e  d is tr ib u tio n s  o f  m o s t o f  
th e  p e rig lac ia l fe a tu re s  h y p o th e s is e d  to  be p re se n t o n  M a rs  are  d iscu ssed . T h is  c h a p te r  
a lso  d esc rib e s  a n u m b e r  o f  p o ss ib le  p e rig lac ia l assem b lag es  w h e re  m u ltip le  p u ta tiv e  
p e rig la c ia l la n d fo rm s  co u ld  be p re se n t.
Chapter Eight ex a m in e s  th e  p a ra m e te rs  th a t  m ig h t be c o n tro llin g  th e  d is tr ib u tio n s  o f  
p u ta t iv e  p e rig lac ia l fe a tu re s  d iscu ssed  in  C h a p te r  S even . L a n d fo rm  d is tr ib u tio n s  are  
c o m p a re d  to  a v a r ie ty  o f  g lo b a l e n v iro n m e n ta l an d  to p o g ra p h ic  d a ta se ts  to  d e te rm in e  
w h e th e r  a n y  c o rre la tio n s  occu r.
Chapter N ine fo cu ses  o n  th e  s ite s  w ith  possib le  so rte d  p a tte rn e d  g ro u n d . B o th
P e rig la c ia l a n d  n o n  p e rig lac ia l fo rm a tio n  m e c h a n ism s  are  e x a m in e d . F ea tu re s  a ro u n d
L o m o n o so v  C ra te r  a re  e x a m in e d  to  d e te rm in e  h o w  w e ll th e se  fe a tu re s  co m p are  to
30
te r re s tr ia l  an a lo g u es. T h e  h y p o th e s is  th a t  m a r t ia n  p a tte rn e d  g ro u n d  fo rm e d  th ro u g h  
in te ra c tio n  o f  b o u ld e rs  w i th  th e rm a l c o n tra c tio n  cracks, r a th e r  th a n  th ro u g h  p e rig lac ia l 
m e a n s  is te s ted .
Chapter Ten e x a m in e s  tw o  a reas  o f  sca lloped  d e p re ss io n s  a ro u n d  D a v ie s  a n d  L ag arto  
C ra te rs  in  A c id a lia  P la n itia . T h e s e  fe a tu re s  are  ca teg o rised  u s in g  a s im ila r  m e th o d o lo g y  
to  th a t  ap p lied  to  sca llo p ed  fe a tu re s  in  U to p ia  P la n itia  b y  S e jo u rn e  e t al., (2011). T h e  
im p lic a tio n s  fo r  a fo rm a tio n  m e c h a n is m  based  o n  th e rm o k a rs t  p ro cesse s  is d iscu ssed .
Chapter Eleven p ro v id e s  a sy n th e s is  o f  th e  re su lts  o u tlin e d  in  th e  p re v io u s  th re e  
c h a p te rs  an d  d iscu sses  th e i r  im p lic a tio n s  fo r  th e  v ia b ili ty  o f  th e  p e rig lac ia l 
e n v iro n m e n t o n  th e  N o r th e rn  P la in s  o f  M a rs . M e th o d o lo g ic a l c o n c e rn s  a re  a d d re sse d  
a n d  th e  re su lts  a re  p u t  in to  th e  c o n te x t o f  th e  w id e r  lite ra tu re . I t  f in ish e s  b y  o u tlin in g  
fu tu re  w o rk  w h ic h  cou ld  s u p p le m e n t th e  s tu d ie s  c o n d u c te d  d u r in g  th e  co u rse  o f  th is  
p ro jec t.
F in a lly  Chapter Tw elve p re se n ts  th e  c o n c lu s io n s  o f  th e  th e s is .
In  a d d itio n  to  th e se  c h a p te rs  th e  th e s is  h a s  tw o  ap p en d ices . Appendix one p ro v id e s  a n  
o v e rv ie w  o f  th e  la b o ra to ry  w o rk  c o n d u c te d  as p a r t  o f  th is  in v e s tig a tio n . Appendix two  
in c lu d e s  large  p r in t  v e rs io n s  o f  k e y  f ig u re s  f ro m  th ro u g h o u t th e  th e s is .
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2 Chapter two: The Periglacial Environment
P e rig la c ia l lan d scap es  a re  fo u n d  in  m a n y  co ld  c lim a te  e n v iro n m e n ts  o n  E a r th  w h e re  a 
v a r ie ty  o f  la n d fo rm s  are  g e n e ra te d  b y  th e  re p e a te d  fre e z in g  an d  th a w in g  o f  a 
p e rm a fro s t ac tiv e  la y e r  (e.g . F ren ch , 2007). P e rig lac ia l p ro cesses  h a v e  b e e n  sug g ested  as 
a fo rm a tio n  m e c h a n is m  fo r a v a r ie ty  o f  la n d fo rm s  o b se rv ed  in  sa te llite  im ag es  o f  th e  
m a r t ia n  su rface , w h ic h  are  m o rp h o lo g ic a lly  s im ila r  to  th o se  fo u n d  in  te r re s tr ia l  
p e rig lac ia l e n v iro n m e n ts  (e.g . G a lla g h e r  a n d  B alm e, 2011).
T h is  c h a p te r  p ro v id e s  a n  o v e rv ie w  o f  th e  te r re s tr ia l  p e rig lac ia l e n v iro n m e n t an d  
d esc rib es  in  d e ta il th e  p ro cesses  w h ic h  p ro d u ce  so lif lu c tio n  lobes, th e rm o k a rs t  
d e p re ss io n s , p in g o s  a n d  p a tte rn e d  g ro u n d . I t  a d d itio n a lly  d iscu sses  th e  ev id en ce  th a t  
th e se  fe a tu re s  m a y  be p re se n t o n  M ars .
2.1 D efin ing the Periglacial Environment
T h e re  h a s  b e e n  co n sid e rab le  d eb a te  o n  th e  e x ac t d e f in it io n  o f  p e rig lac ia l p ro cesses  an d  
la n d fo rm s  (B u rn , 1998; F ren ch , 2007; S lay m ak e r, 2011). F or th e  p u rp o se s  o f  th is  w o rk  
th e y  sh a ll be d e fin ed  as a n y  g e o m o rp h ic  p ro cess  re su ltin g  f ro m  th e  fre e z in g  an d  
th a w in g  o f  g ro u n d  ice in  th e  p e rm a fro s t ac tiv e  la y e r  an d  th e  la n d fo rm s  re su ltin g  fro m  
th is  f re e z in g  a n d  th a w in g  (F re n c h , 2007).
A  p e rm a fro s t  e n v iro n m e n t is d e fin ed  as a re g io n  o f  p e re n n ia lly  f ro z e n  g ro u n d ; w h e re  
th e  m a jo r i ty  o f  th e  g ro u n d  re m a in s  fro z e n , o r a t a n y  ra te  b e lo w  o°C , fo r  m o re  th a n  tw o  
c o n se c u tiv e  y e a rs  (B lack , 1954; F ren ch , 2007). S easo n a l th a w in g  s till o ccu rs  in  th e  u p p e r  
la y e r  o f  th e  g ro u n d , th is  b e in g  th e  ac tiv e  lay e r, w h ic h  can  be u p  to  a m e tre  th ic k  in  
w a rm e r  p e rig lac ia l e n v iro n m e n ts  (B u rn , 1998; C h a m b e rs , 1966; F ren ch , 2007). T h e  
a c tiv e  la y e r  is m u c h  sh a llo w e r  in  co ld er, p o la r  c lim a te s  a n d  can  be d eep e r in  som e 
lo ca lised  c irc u m s ta n c e s , su ch  as be lo w  a la rg e  b o d y  o f  w a te r .
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B elow  th e  ac tiv e  la y e r  th e  g ro u n d  re m a in s  b e lo w  o°G d e sp ite  sea so n a l c h a n g e s  in  
te m p e ra tu re . U n f ro z e n  m a te r ia l  c an  o ccu r in  th is  zo n e , i f  fo r  e x a m p le  th e  p re se n c e  o f  
sa lts  d ep resses  th e  fre e z in g  p o in t, re su ltin g  in  p o ck e ts  o f  u n f ro z e n  b rin e . T h e  p re sen ce  
o f  sa lts  can  h a v e  a s ig n if ic a n t d e le te rio u s  e ffec t o n  th e  fo rm a tio n  o f  ice le n se s  a n d  th e  
a c c u m u la tio n  o f  ice w i th in  th e  p e rm a fro s t. I t  h as  b e e n  d e m o n s tra te d  th a t  th e  p re sen ce  
o f  b r in e s  red u ces  f ro s t h e a v in g  a n d  re su lts  in  th e  fo rm a tio n  o f  m o re , sm a lle r  ice len ses  
a n d  sp ic u la r  ice c ry s ta ls  se p a ra te d  b y  c h a n n e ls  o f  c o n c e n tra te d  u n f ro z e n  b r in e  (A re n s o n  
a n d  Sego, 2006; C h a m b e r la in , 1983).
2.2 Distribution o f Periglacial Features on Earth
P e rm a fro s t covers a p p ro x im a te ly  24% o f  th e  N o r th e rn  H e m is p h e re  o f  E a r th  (Z h a n g  e t 
al., 2008). Large sw a th e s  o f  tu n d ra  co v er th e  n o r th e rn  h ig h  la ti tu d e s  a n d  p e rm a fro s t  
o ccu rs  in  u n -g la c ia te d  re g io n s  o f  A n ta rc tic a . H ig h  a lt i tu d e  re g io n s  o f te n  e x h ib it  
d is c o n tin u o u s  p e rm a fro s t. P e rig lac ia l e n v iro n m e n ts  h av e  b e e n  d o c u m e n te d  in  a v a r ie ty  
o f  co ld  c lim a te  re g io n s  p a r tic u la r ly  C a n a d a , S ib e ria  an d  A la sk a . A  v a r ie ty  o f  s tu d ie s  
th ro u g h o u t th e  20th c e n tu ry , su c h  as th o se  d esc rib ed  b y  F re n c h  (2003), d e ta il th e  
d is tr ib u tio n s  o f  th e se  fe a tu re s . P e rig lac ia l lan d sc a p e s  h a v e  a lso  b e e n  s tu d ie d  a t  h ig h  
a lt i tu d e s  in  th e  T ib e ta n  P la te a u  (e.g . J in  e t  al., 2000) a n d  re lic t fe a tu re s  c an  be  fo u n d  in  
re g io n s  th a t  e x p e rien ced  a p e rig lac ia l c lim a te  d u r in g  p re v io u s  g la c ia tio n s  (B a lla n ty n e  
an d  H a rr is ,  1994). P e rig lac ia l fe a tu re s  h a v e  also  b e e n  re p o r te d  in  th e  A n ta rc t ic  D ry  
V a lle y s , an  e n v iro n m e n t w h ic h  is an  e x c e lle n t an a lo g u e  fo r  th e  co ld , d ry  m a r t ia n  
c lim a te  (A n d e rso n  e t al., 1972; M a rc h a n t a n d  H e a d , 2007). M a n y  s tu d ie s  h a v e  b e e n  
co n d u c te d  b y  te r re s tr ia l  g e o m o rp h o lo g is ts  to  ca ta lo g u e  p e rig la c ia l la n d fo rm s  a n d  
d e te rm in e  th e  p ro cesses  th a t  lead  to  th e ir  fo rm a tio n  (e .g ., F re n c h , 2003; H u m lu m  an d  
C h r is t ia n s e n , 2008; W a s h b u rn , 1956). F ig u re  2.1 su m m a rise s  th e  c lim a tic  c o n d it io n s  
u n d e r  w h ic h  d if fe re n t deg rees  o f  p e rm a fro s t co v e r occur.
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P e rig la c ia l p ro cesses  a re  fo u n d  in  areas o f  c o n tin u o u s  an d  d isc o n tin u o u s  p e rm a fro s t, 
w h e re  su ff ic ie n t th a w in g  o ccu rs  to  g en e ra te  a n  ac tiv e  lay e r, b u t  g ro u n d  ice p e rs is ts  fo r  
lo n g  e n o u g h  to  a llow  re p e a te d  fre e z in g  a n d  th a w in g  to  occur. F ig u re  2.2 sh o w s th e  
d is t r ib u tio n  o f  te r re s tr ia l  p e rm a fro s t in  th e  n o r th e rn  h e m isp h e re  o f  E a rth . I t  c an  be 
seen  th a t  a lth o u g h  it  is m a in ly  c o n c e n tra te d  a t h ig h  n o r th e rn  la titu d e s , a reas  o f  
p e rm a fro s t a re  a lso  p re se n t in  h ig h  e le v a tio n  reg io n s , su ch  as th e  T ib e ta n  p la teau .
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Figure 2.1: C onditions required for perm afrost. Periglacial processes occur th roughou t areas o f 
continuous and discontinues perm afrost, at any  location w here tem peratures get sufficiently  
high to form  an active layer at the  w arm est tim es o f the year (A fter French, 2007).
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F ig u re  2.2: T h e  d is tr ib u tio n  o f  te r re s tr ia l  p e rm a f ro s t  in  th e  n o r th e rn  h e m is p h e re  o f
E a rth . (A f te r  B ro w n  e t a l., 1998).
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2.3 Aggradational and degradational landforms
S o m e la n d fo rm s  are  fo rm e d  as a re su lt  o f  th e  aggradation o f  p e rm a fro s t as w a te r-  
s a tu ra te d  so ils freeze , d e fo rm in g  th e  g ro u n d  above. T h is  c a te g o ry  in c lu d es  p in g o s, o r 
f ro s t m o u n d s ; co n ica l ice co red  h ills  w h ic h  re su lt fro m  th e  fo rm a tio n  o f  a la rg e  and  
c o h e re n t m ass  o f  g ro u n d  ice. T h is  ice d o m es th e  su rface  above  it  c re a tin g  a m o u n d . 
S o m e fro s t m o u n d s  are  seaso n a l fea tu re s , w h e re  o th e rs  fo rm  large  h ills  th a t  p e rs is t fo r 
m a n y  y ea rs . O th e r  a g g ra d a tio n a l la n d fo rm s  in c lu d e  ice w edge  p o ly g o n s , w h e re  th e rm a l 
c o n tra c tio n  c rack s are  w id e n e d  b y  a b u ild  u p  o f  ice, a n d  sm a lle r  m o u n d s  su ch  as p a isas 
a n d  f ro s t  b lis te rs .
O th e r  p e rig lac ia l fe a tu re s  a re  th e  re su lt  o f  p e rm a fro s t degradation, w h e n  th e  th a w in g  o f  
excess g ro u n d  ice causes a lo ss o f  v o lu m e , o r  tr ig g e rs  m ass  m o v e m e n t. F o r ex am p le , 
th e rm o k a rs t  in v o lv es  th e  co llapse  o f  th e  g ro u n d  d u e  to  th e  th a w in g  o f  g ro u n d  ice, 
fo rm in g  a lak e  o r d ep re ss io n . S o lif lu c tio n  fe a tu re s  re su lt  f ro m  th e  th a w in g  o f  g ro u n d  
ice d e s ta b ilis in g  a h il l  slope  a n d  tr ig g e rin g  th e  re p ea ted  s lid in g  o r  c reep in g  o f  su rface  
m a te r ia l.
R eg ard less  o f  w h e th e r  a p ro cess  is a g g ra d a tio n a l o r d e g ra d a tio n a l i t  w ill u su a lly  re q u ire  
m u ltip le  cyc les o f  f re e z in g  an d  th a w in g  fo r  its  e ffec ts  to  p ro d u ce  a c lear p e rig lac ia l 
la n d fo rm . O n e  o f  th e  m o s t d is tin c tiv e , an d  in d e e d  d iag n o s tic , p e rig lac ia l la n d fo rm  
ty p e s  is so rte d  p a tte rn e d  g ro u n d . T h is  fo rm s  w h e n  th e  re p ea ted  f re e z in g  a n d  th a w in g  
o f  th e  p e rm a fro s t a c tiv e  la y e r re su lts  in  th e  o rg a n isa tio n  o f  so il p a rtic le s  in  sep ara te  
co arse  a n d  f in e  d o m a in s , p ro d u c in g  s trip es , c irc le s  o r p o ly g o n s  o f  d if fe re n tly  sized  
p a rtic le s . S o rte d  p a tte rn e d  g ro u n d  w ill be  th e  focus o f  th is  s tu d y .
In  th e  n e x t  p a r t  o f  th is  c h a p te r  th e se  la n d fo rm s  w ill be d esc rib ed  in  m o re  d e ta il. A  
se c tio n  fo r  each  la n d fo rm  b e in g  in v e s tig a te d  w ill o u tlin e  th e  m e c h a n ism  o f  fo rm a tio n , 
th e  h is to ry  o f  re se a rc h  su rro u n d in g  th e m  an d  th e  ev id en ce  fo r  th e ir  p re sen ce  o n  M ars .
T h e  seco n d  h a lf  o f  th e  c h a p te r  w ill th e n  d iscu ss  th e  c o n d itio n s  u n d e r  w h ic h  m a r t ia n  
p e rig lac ia l fe a tu re s  cou ld  h a v e  ev o lv ed .
2.4 Periglacial Processes and Landforms
2.4.1 S o lif lu c tio n
S o lif lu c tio n  is a s lo w  m ass  w a s tin g  p ro cess  w h ic h  o ccu rs  due  to  freeze  th a w  a c tio n  o n  
h ill  slopes in  p e rig lac ia l e n v iro n m e n ts  (F re n c h , 2007; M a tsu o k a , 2001). V a rio u s  
p ro cesses  ca n  cause  so lif lu c tio n , an d  th e  e x ac t d e f in itio n  can  v a ry  f ro m  o n e  s tu d y  to  
a n o th e r . S o lif lu c tio n  w as  o r ig in a lly  p ro p o sed  b y  A n d e rs so n  (1906), based  o n  
o b se rv a tio n s  o f  m ass  m o v e m e n t fe a tu re s  in  th e  A rc tic  an d  in  th e  F a lk lan d  Is la n d s . 
A n d e rs so n  p ro p o sed  th a t  th e  s a tu ra tio n  o f  th e  so il b y  th a w  w as  re sp o n s ib le  fo r 
tr ig g e r in g  m ass  m o v e m e n t. T h is  p ro cess  is n o w  g e n e ra lly  re fe r re d  to  as g e lif lu c tio n . 
S o lif lu c tio n  is a b ro a d e r  te rm , w h ic h  e n co m p asses  a ra n g e  o f  th a w -re la te d  m a ss  
m o v e m e n t p ro cesses  in c lu d in g  v a r io u s  ty p e s  o f  f ro s t c reep  as w e ll as g e lif lu c tio n  an d  
p lu g -lik e  flo w  (H ig a s h i  a n d  C o rte , 1971; M a tsu o k a , 2001). T h e se  p ro cesses  o f te n  w o rk  in  
c o n ju n c tio n  to  p ro d u c e  so lif lu c tio n . T h e re fo re  a n  in d iv id u a l so lif lu c tio n  lobe  w ill 
p ro b a b ly  be th e  re su lt  o f  m u ltip le  fo rm s  o f  so il c reep  an d  g e lif lu c tio n  (B e n e d ic t, 1976; 
H ig a s h i an d  C o rte , 1971). R a tes  o f  d isp la c e m e n t can  be a m e tre  p e r  y e a r  o r  h ig h e r  in  
so m e  cases, b u t  a re  ty p ic a lly  lo w e r (F ra n c o u  a n d  B e rtra n , 1997). S o lif lu c tio n  ty p ic a lly  
o ccu rs  o n  re la tiv e ly  sh a llo w  slopes b e tw e e n  5-20°, o n  s te e p e r s lo p es m a ss  m o v e m e n t 
w o u ld  o ccu r m u c h  m o re  ra p id ly , in  th e  fo rm  o f  a la n d s lid e  o r  a c tiv e  la y e r  d e ta c h m e n t 
(B e irm a n  an d  M o n tg o m e ry , 2014; B en ed ic t, 1976). H o w e v e r  th e se  fe a tu re s  a re  n o t  
fo u n d  o n  slopes w i th  a sh a llo w e r g ra d ie n t th a n  2°, S in ce  th e y  a re  fo rm e d  th ro u g h  h ill-  
s lope  p rocesses (W a s h b u rn , 1973).
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F ig u re  2.3: S o lif lu c tio n  lobes o n  a h ills id e  in  A la sk a . (U S  A rm y  C o rp s  o f  E n g in ee rs  
C o ld  R eg io n s R esea rch  an d  E n g in e e r in g  L ab o ra to ry , C R R E L ).
2.4.1.1 Frost Creep
Frost c reep  is a m u c h  s low er  process  o f  m a ss  m o v e m e n t  t h a n  g e lif luc t ion  an d  relies on  
th e  h e a v in g  o f  th e  soil d u e  to  e i th e r  a d iu rn a l  o r  seaso n a l  cycle o f  f reez ing  an d  th a w in g  
(F re n c h ,  2007). T h e  fo rm a t io n  o f  subsu rface  ice lenses  as th e  active  laye r  freezes  causes 
th e  surface  to  heave. A  par tic le  l i f ted  b y  fro s t  h eav e  is m o v e d  p e rp e n d ic u la r  to  the  
g ro u n d  surface. O n  a hill  s lope th i s  m e a n s  th a t  w h e n  th e  g ro u n d  th a w s  th e  ra ised  
m a te r ia l  w il l  collapse  back  d o w n  in  th e  d ire c t io n  o f  g rav i ty ,  be ing  dep o s i ted  s l igh tly  
f u r th e r  d o w n  th e  h il ls ide  t h a n  th e  lo ca tion  in  w h ic h  it o r ig in a ted .  O v e r  a n u m b e r  o f  
cycles  th is  p rocess  can  resu l t  in  cons ide rab le  d o w n  slope m o v e m e n t  (F ren ch ,  2007; 
M a tsu o k a ,  2001). Seasona l  f reeze  t h a w  cycles p e n e t ra te  d eep er  in to  the  g ro u n d  and  so 
affec t  a la rge r  v o lu m e  o f  m a te r ia l  th a n  d iu rn a l  cycles. M in o r  a m o u n ts  o f  c reep  can  
occu r  due  to  th e  fo r m a t io n  o f  need le  ice l i f t ing  in d iv id u a l  par t ic les  because  o f  n ig h t  
t im e  d ro p s  in  te m p e ra tu re .  T h i s  does n o t  m o v e  large v o lu m e s  o f  m a te r ia l  b u t  can be 
s ig n if ican t .
2.4.1.2 Gelifluction
A s  th e  ac t ive  lay e r  th a w s  l iqu id  w a te r  is re leased  in to  th e  soil an d  th is  can  des tab ilise
th e  u p p e r  laye r  o f  soil (u su a l ly  th e  u p p e r  m e tre  o r  less) re su l t in g  in  m o v e m e n t .  A  steep
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h ills id e  o n ly  re m a in s  s tab le  w h ile  th e  sh e a r s tre ss  f ro m  g ra v ity  an d  o th e r  fo rces  ac tin g  
u p o n  it  is less th a n  th e  so il’s sh e a r  s tre n g th . T h e  p re ssu re  o f  l iq u id  w a te r  in  a sa tu ra te d  
so il fo rces  th e  so il g ra in s  ap a rt, re d u c in g  b o th  th e  in te rn a l  f r ic t io n  a n d  c o h e s io n  o f  th e  
so il a n d  tr ig g e r in g  flo w  (H a r r is  e t al., 1997).
2.4.1.3 Plug~like flow  and active layer detachment.
P lu g -lik e  flo w  o ccu rs  in  a s itu a tio n  w h e re  f re e z in g  o ccu rs  f ro m  b o th  above a n d  b e lo w  
re su ltin g  in  th e  fo rm a tio n  o f  ice len ses  a t th e  base  o f  th e  ac tiv e  lay e r. I f  th e se  len ses  
th a w  b e fo re  th e  re s t o f  th e  ac tiv e  la y e r th e n  it  can  c re a te  a s lip p ag e  p la n e  a n d  c au se  th e  
e n tire  a c tiv e  la y e r  to  m o v e  d o w n  slope  as a p lu g  (M a tsu o k a , 2001).
A c tiv e  la y e r  d e ta c h m e n ts  o ccu r w h e n  th e  e n t i r e ty  o f  th e  ac tiv e  la y e r th a w s  f ro m  th e  
su rface  d o w n . T h e  u n s ta b le , w a te r  r ic h  ac tiv e  la y e r  can  b eco m e m o b ilise d  c a u s in g  a 
la n d s lid e  as it d e ta c h e s  f ro m  th e  s till  f ro z e n  p e rm a fro s t b e low . A c tiv e  la y e r  d e ta c h m e n t 
is n o t  s tr ic tly  sp eak in g  a so lif lu c tio n  p rocess, as i t  o ccu rs  a t a m u c h  fa s te r  ra te  a n d  th e  
re su ltin g  la n d fo rm s  are  d is t in c t ly  d if fe re n t to  so lif lu c tio n  fe a tu re s  (L e w k o w ic z  a n d  
H a r r is ,  2005; M a tsu o k a , 2001).
2.4.1.4 Solifluction Lohes
T h e  e n d  re su lt  o f  th e  p ro cesses  d esc rib ed  ab o v e  is th e  so lif lu c tio n  lobe. T h e s e  a re  lo b a te  
s tru c tu re s  w i th  a r ise r  o f  u p  to  2 m e tre s  a n d  w id th s  a n d  le n g th s  w h ic h  ra n g e  f ro m  a fe w  
m e tre s  to  te n s  o f  m e tre s . In  som e cases th e y  m erg e  in to  m u c h  w id e r  sh e e ts  w h e n  a n  
e n tire  h ill  slope  is u n d e rg o in g  so lif lu c tio n  (M a tsu o k a , 2001; M a tsu o k a  e t al., 2005).
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Figure 2.4: Structure o f a solifluction lobe.
L obes g en e ra lly  fo rm  w h e re  th e  g ra d ie n t o f  th e  slope decreases , re ta rd in g  th e
so lif lu c tio n  p ro cess  an d  cau s in g  th e  tra n s p o r te d  m a te r ia l  to  b a n k  u p , fo rm in g  a r ise r  
(B en ed ic t, 1976). S om e so lif lu c tio n  lobes c o n ta in  c la s tic  m a te r ia l. S to n e  b an k ed  lobes 
ca n  o ccu r in  lo ca tio n s  w h e re  th e  m a te r ia l  b e in g  d e fo rm e d  b y  th e  so lif lu c tio n  p rocess is 
c h a ra c te r ise d  b y  so rte d  p a tte rn e d  g ro u n d  o r  b lo ck  fie ld s. I f  coarse  m a te r ia l  m o v es  fa s te r  
th a n  f in e r  g ra in e d  c o m p o n e n ts  th e n  so r tin g  can  o c c u r as th e  so lif lu c tio n  p rocess 
p reced es (B en ed ic t, 1976). Lobes can  b eco m e d e m a rk e d  b y  c lastic  m a te r ia l, w ith  th e  
la rg e s t b lo ck s g e n e ra lly  an g led  p a ra lle l to  th e  d ire c tio n  o f  m o v e m e n t. In  te r re s tr ia l  
p e rig lac ia l e n v iro n m e n ts  tu r f  b a n k e d  lobes can  be fo rm e d  due  to  in c reased  p la n t g ro w th  
in  th e  d ep o s ite d  m a te r ia l.
2.4.1.5 Solifluction on M ars?
L obate , so m e tim e s  c la stic , fe a tu re s  h av e  b een  o b se rv ed  in  a n u m b e r  o f  lo c a tio n s  o n  
M a rs . P o ss ib le  c la s tic  lob es h a v e  b e e n  o b se rv ed  o n  th e  w a lls  o f  H e im d a l c ra te r  a n d  in  
s im ila r  e n v iro n m e n ts  ac ro ss  th e  n o r th e rn  h ig h  la ti tu d e s  (G a lla g h e r  e t al., 2011; J o h n s s o n  
e t al., 2012)
40
E x te n s iv e  su rv e y s  o f  b o th  th e  so u th e rn  an d  n o r th e rn  h ig h  la titu d e s  h a v e  fo u n d  a 
v a r ie ty  o f  lo b a te  s tru c tu re s  (Jo h n sso n , 2013; J o h n s s o n  e t al., 2012; R eiss e t al., 2011), som e 
e x h ib itin g  c lastic  lobes, w h ile  o th e rs  ap p e a r to  be s m o o th e r  n o n  c lastic  fea tu re s . L obate  
s tru c tu re s  a re  re la tiv e ly  sm all, b e in g  a t m o s t a few  te n s  o f  m e tre s  ac ro ss . J o h n s o n  e t al., 
(2012) re p o r t  fe a tu re s  w i th  sizes b e tw e e n  10 an d  30 m e tre s , w h ile  so m e  o f  th o se  o b se rv ed  
b y  G a lla g h e r  e t al., (2011) a re  a lm o s t 100 m e tre s  across. S in ce  th e se  are  sm a ll scale 
fe a tu re s  th e y  are  o n ly  c lea rly  v is ib le  in  th e  h ig h e s t re so lu tio n  im ag es o f  th e  m a r t ia n  
su rface . T h is  m e a n s  th a t  th e i r  p re sen ce  can  o n ly  be assessed  in  lo c a tio n s  w h e re  h ig h  
re s o lu t io n  im ag es  a re  av a ilab le .
H o w e v e r  lo b a te  s tru c tu re s  do  n o t  o c c u r in  iso la tio n . A  h ills id e  w ill ty p ic a lly  e x h ib it  a 
la rg e  f ie ld  o f  lo b a te  s tru c tu re s , a ll o r ie n te d  in  th e  sam e  d ire c tio n , d o w n  th e  slope. In  
m o s t cases sev e ra l tie rs  o f  lo b a te  s tep s  a re  o b se rv ed  a n d  th e  fie ld s  a re  w id e  e n o u g h  th a t  
th e ir  la te ra l e x te n t  c an  in c lu d e  m a n y  te n s  o f  lobes. T h is  is c o n s is te n t  w ith  th e  
te r re s tr ia l  ex a m p le s  sh o w n  in  F ig u re  2.3 a n d  in  C h a p te r  F our.
C la s tic  lo b a te  s tru c tu re s  o n  th e  so u th  e a s te rn  w a ll o f  H e im d a l c ra te r  a re  sh o w n  in  
F ig u re  2.5. T h e se  lobes are  s lig h tly  less th a n  a h u n d re d  m e tre s  w id e  a n d  n u m e ro u s  
fe a tu re s  are  sp read  o v e r m o re  th a n  a k ilo m e tre  o f  h ill-s lo p e . A t  leas t se v e n  tie r s  o f  lobes 
can  be seen  w ith  th e ir  ro u n d e d  edges o r ie n te d  d o w n  slope, to w a rd s  th e  to p  le ft o f  th e  
im ag e . F a in t a rcs o f  c lasts , w h ic h  m ig h t be a d d itio n a l t ie rs  o f  lobes ca n  a lso  be seen  
fu r th e r  d o w n  th e  h ill  slope. U n s o r te d  c la s tic  m a te r ia l  c an  be seen  a t th e  to p  o f  th e  slope  
o n  w h ic h  th e se  lobes occur.
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F ig u re  2.5: P o ss ib le  c las tic  so lif lu c tio n  lob es in  H e im d a l c ra te r , d o w n h ill is  to w a rd s  th e  
u p p e r  le f t c o rn e r  o f  th e  im ag e  (A f te r  G a lla g h e r  e t a l., 2011).
E x a m p le s  o f  n o n  clastic  fea tu re s  gen era l ly  e x h ib i t  a s im ila r  m o rp h o lo g y ,  b u t  in  these  
cases th e  edges o f  th e  lobes are de f in ed  by  th e  s h a d o w  o f  th e  riser, r a th e r  t h a n  an  arc o f  
clasts. T h i s  m a y  m a k e  such  fea tu re s  h a rd e r  to  d is t in g u ish ,  as th e y  w ill  be m o s t  v isib le  
u n d e r  specific  i l lu m in a t io n  c o n d i t io n s ,  w h ic h  m a y  n o t  m a tc h  th o se  at w h ic h  H iR IS E  
im ag es  are u su a l ly  cap tu red .  W h e r e  c lasts  are p re se n t  th e y  are u su a l ly  a few  m e t re s  in  
d ia m e te r .  It is l ike ly  th a t  sm a lle r  m a te r ia l  is also m a k in g  u p  these  s t ru c tu re s ,  b u t  th a t  it 
is b e low  th e  re so lu t io n  o f  th e  H iR I S E  im ages .  V a r ia t io n s  in  a lbedo  u n d e r  th e  clasts 
s h o w n  in  F igu re  2.5 m a y  be in d ica t iv e  o f  sm a lle r  m a te r ia l  w h ic h  m a k e s  u p  th e  c lastic  
b o rd e r  o f  th e  lobe, b u t  w h ic h  is n o t  reso lvab le  in  th e se  im ages.
Like th e i r  te r re s t r ia l  ana lo g u es  th e se  fea tu res  are ty p ica l ly  fo u n d  on  hill  slopes, 
J o h n s s o n  et al., (2012) re p o r t  loba te  fea tu res  on  slopes w i th  a g rad ien t  o f  b e tw e e n  10 0 
a n d  25°, a r a n g e  w h ic h  th e y  d e m o n s t r a te  is co m p arab le  to  th a t  on  w h ic h  s im ila r  
t e r re s t r ia l  fe a tu re s  are  observed .
2.4.2 T h e rm o k a rs t
T h e rm o k a rs t  w as f ir s t  d esc rib ed  in  S ib eria , a n d  w as  in tro d u c e d  to  E n g lish  lan g u ag e  
p e rig lac ia l re se a rc h  b y  M u lle r  (C z u d e k  a n d  D e m e k , 1970; M u lle r , 1944). A  la rg e  n u m b e r  
o f  s tu d ie s  h a v e  b een  c o n d u c te d  assess in g  th e  fo rm a tio n , m o rp h o lo g y  an d  c lim a tic  
s e n s i t iv i ty  o f  th e rm o k a rs t  ac ro ss  th e  A rc tic .
T h e rm o k a rs t  te r ra in  fo rm s  in  v e ry  ice -r ich  so ils w h e n  a lo ss o f  th e rm a l e q u ilib r iu m  
causes th e  g ro u n d  ice to  m e lt. A s  m o s t o f  th e  m ass  o f  th e  g ro u n d  is co m p o sed  o f  excess 
ice, th e  th a w in g  re su lts  in  su b s ta n tia l  v o lu m e tr ic  loss, le a v in g  a d e p re ss io n  ca lled  a n  
alas, w h ic h  m a y  fill w i th  m e lt  w a te r  to  p ro d u c e  a th e rm o k a rs t  lak e  (F ig . 2.10). T h e se  
d e p re ss io n s  a re  ty p ic a lly  sev era l k ilo m e tre s  in  scale (F re n c h , 2007; K aab an d  H a e b e rli, 
2001; W a lla c e , 1948). F ig u re  2.6 illu s tra te s  th e  d e v e lo p m e n t o f  th e rm o k a rs t  lak es  a n d  
ex a m p le s  o f  th e se  fe a tu re s  a re  i l lu s tra te d , a lo n g  w i th  p in g o s , in  f ig u re  2.10.
T h a w in g  can  o ccu r in  a v a r ie ty  o f  c irc u m s ta n c e s . I t  co u ld  re s u lt  f ro m  a d ra m a tic  
in c rea se  in  te m p e ra tu re , o r th e  loss o f  a n  o v e rly in g  la y e r  o f  so il o r  ro c k  w h ic h  w as 
in su la tin g  th e  u n d e r ly in g  ice an d  p ro te c tin g  i t  f ro m  m e ltin g . T h e rm o k a rs t  o f te n  fo rm s  
a t th e  in te rse c tio n s  o f  su b lim a tio n  p o ly g o n s  w h e re  th e  u n d e r ly in g  g ro u n d  ice is 
ex p o sed  to  th e  a tm o sp h e re  b y  th e  c o n tra c tio n  c ra c k in g  (C z u d e k  a n d  D e m e k , 1970; 
W a s h b u rn , 1973).
W a te r  ab so rb s  m o re  e n e rg y  fro m  in s o la tio n  th a n  th e  s u rro u n d in g  g ro u n d . T h is  is 
p a r t ly  d u e  to  its  th e rm a l p ro p e rtie s  a n d  h ig h e r  h e a t cap ac ity , b u t  is a lso  a p ro d u c t o f  th e  
tra n s lu c e n c y  o f  th e  w a te r . R a d ia tio n  can  be ab so rb ed  th ro u g h o u t th e  w a te r  c o lu m n  
r a th e r  th a n  ju s t  a t th e  su rface . T h e  re d is tr ib u tio n  o f  h e a t th ro u g h o u t a b o d y  o f  w a te r  b y  
c o n v e c tio n  a lso  in c rea se s  th e  a m o u n t o f  h e a t i t  c an  ab so rb .
C o n se q u e n tly , o n ce  a p o n d  o r lake  h as  fo rm e d  it  w ill e x p a n d  ra p id ly  (H a r r is ,  2002). A s
th e  ice m e lts , m a te r ia l  w ill co llapse  to  f ill th e  space  p re v io u s ly  o ccu p ied  b y  th e  ice. S u ch
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collapses  are g en era l ly  a c c o m p a n ied  by  an  increase  in  e ro s io n  because  th e  ice ac ted  as a 
c e m e n t in g  ag en t  and  so as it m e l ts  th e  s t r e n g th  an d  coh es io n  o f  th e  m a te r ia l  is reduced . 
A s e ro s io n  b y  th a w  s lu m p in g  occurs  a ro u n d  th e  edge o f  a th e r m o k a r s t  d ep re ss io n  its 
r im  w ill  deve lop  a scalloped m o rp h o lo g y  w i th  th e  m o s t  co llapses  o c c u rr in g  in  th e  areas 
w h ic h  receive th e  g rea tes t  in so la t ion .
r
F ig u re  2.6: G ro w th  a n d  co a lescen ce  o f  th e rm o k a rs t  lakes, a ) Y o u n g  th e rm o k a rs t  
fe a tu re s  c o n s is tin g  o f  sm a ll n e a r  c irc u la r  lakes, b ) M o re  m a tu re  lan d scap e  w ith  lakes 
m e rg in g  in to  la rg e r  b a s in s  w i th  sca lloped  m a rg in s , su rro u n d e d  b y  sm a ll y o u n g  lakes, c) 
V e ry  m a tu re  la n d sc a p e  w h e re  la rg e  sca lloped  b a s in s  m e rg e  to g e th e r  (a f te r  W a lla c e ,
1948).
Y o u n g  d ep re ss io n s  w ill  beg in  as a lm o s t  c i rcu la r  fea tu res ,  b u t  over  t im e  th e y  w ill 
a s su m e  a scalloped sh ap e  as sec tions  o f  th e i r  r im  th a w  an d  collapse. M a tu re  
th e r m o k a r s t  fe a tu re s  h av e  a h ig h ly  i r reg u la r  shape  as m a n y  sm all  sca lloped  b as in s  h av e  
m e rg e d  in to  m u c h  la rge r  e x p an ses  o f  d ep ressed  g ro u n d  (W a l la c e ,  1948). A s  a 
th e r m o k a r s t  lake e x p a n d s  th e  co llapse o f  its  b a n k s  w il l  o f te n  a l low  c h a n n e ls  to  fo rm  
a n d  w a te r  to  d ra in  -  a p rocess  k n o w n  as ‘t a p p in g ’. A s  th e r m o k a r s t  lakes sh r in k ,  s teps 
a n d  te r races  can  be left w i th in  th e  dep ress ion , p ro d u c in g  a s tep p ed  m o rp h o lo g y  w i th in  
th e  h ig h  s ta n d  o f  th e  lake.
2 .4.2.1 Thermokarst on M ars?
S calloped  d ep re ss io n s  h av e  b een  o b se rved  across th e  m a r t i a n  m id  la t i tudes ,  p a r t ic u la r ly
in  c e n t ra l  U to p ia  P lan i t ia  ( C o s ta rd  a n d  Kargel, 1995; S e jo u rn e  et al., 2011; Soare  et al.,
2007a; U l r ic h  et al., 2010). It  has  b een  suggested  th a t  these  fea tu re s  m a y  be the  p ro d u c t
o f  a th e r m o k a r s t  p rocess, a l th o u g h  it is possib le  th a t  th e y  h av e  fo rm e d  th ro u g h
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su b lim a tio n , r a th e r  th a n  th a w , o f  g ro u n d  ice. L iq u id  w a te r  ra p id ly  freezes  an d  
su b lim a te s  w h e n  ex p o sed  to  th e  lo w  a tm o sp h e r ic  p re ssu re  so lak es  a re  u n lik e ly  to  h av e  
o c cu rred  o n  M a rs  in  th e  geo lo g ica lly  re c e n t p a s t. In s te a d , a n y  th a w e d  w a te r  w o u ld  
q u ic k ly  e v a p o ra te  o r bo il. S im ila r ly , g ro u n d  ice m ig h t su b lim a te  d ire c tly , c au s in g  
d e g ra d a tio n  o f  th e  su rface  w ith o u t a n y  th a w  a t all. I t  is u n c le a r  w h e th e r  su ch  a p ro cess  
sh o u ld  be te rm e d  ‘th e rm o k a rs t’ as it  does n o t  n e c e ssa r ily  p ro ceed  b y  th e rm a l 
d e g ra d a tio n . I r re sp e c tiv e  o f  th is  d e f in it io n  b o th  o f  th e se  p ro cesses  w o u ld  p ro b a b ly  leave 
b e h in d  a n  alas s im ila r  to  th o se  seen  o n  E a r th  b u t  lack in g  in te r io r  te rra c e s  (S o a re  e t al., 
2008). In te re s tin g ly , so m e m a r t ia n  sca llo p ed  p its  do h a v e  in te rn a l  te rraces , b u t  o n ly  
u su a lly  o n  o n e  side (F ig u re  2.7). I t  is p o ss ib le  th a t  th e se  te rra c es  are  u n re la te d  to  th o se  
in  te r re s tr ia l  a lases, b u t  are  in s te a d  a p ro d u c t o f  th e  p e rio d ic  e x p a n s io n  o f  th e  
d e p re ss io n  th ro u g h  re tro g re ss iv e  th a w .
A  la rg e  n u m b e r  o f  s tu d ie s  h a v e  e x a m in e d  th e  m o rp h o lo g y  a n d  d is t r ib u tio n  o f  th e  
sca llo p ed  d e p re ss io n s  in  th e  U to p ia  P la n itia  re g io n  (L e fo rt e t al., 2010; M o rg e n s te rn  e t 
al., 2007; S e jo u rn e  e t al., 2011; S oare  e t al., 2012, 2008; U lr ic h  e t al., 2010). T h e  m a jo r i ty  o f  
sca lloped  te r ra in s  are  d is t in c t  f ro m  p it  c ra te rs  (M e g e  e t al., 2003), as th e y  do n o t  
g e n e ra lly  fo rm  in  ch a in s , a n d  h a v e  a fa r  less re g u la r  m o rp h o lo g y . S ca llo p ed  p its  c an  be 
d is tin g u ish e d  f ro m  th e  b as in s  c rea ted  b y  d eg rad ed  c ra te rs  as th e y  lack  a r im  o f  th e  so r t 
u su a lly  a sso c ia ted  w i th  im p a c t c ra te rs . T h e y  a re  a lso  u su a lly  m o re  e lo n g a te , a 
m o rp h o lo g y  w h ic h  is u n u su a l fo r  c ra te re d  te r r a in  (M o rg e n s te rn  e t al., 2007; S o are  e t al., 
2008; U lr ic h  e t al., 2010).
I t  h a s  b e e n  n o te d  th a t  sca lloped  d e p re ss io n s  a p p e a r  to  p ro g re ss  th ro u g h  a s im ila r  cycle  
o f  d e v e lo p m e n t to  te r re s tr ia l  th e rm o k a rs t  (S e jo u rn e  e t al., 2011). L ike  te r re s tr ia l  
th e rm o k a rs t,  m a r t ia n  sca lloped  d e p re ss io n s  f re q u e n tly  o c c u r  in  c o n ju n c tio n  w i th  
p o ly g o n a lly  p a tte rn e d  g ro u n d , w h ic h  o ccu r b o th  o u ts id e  a n d  in s id e  o f  th e  b as in s .
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P it t in g ,  due  e i th e r  to  th e rm o k a r s t  o r  su b l im a t io n  p rocesses  is also q u i te  c o m m o n  in  th e  
sam e  re g io n  as th e se  fea tures .
Marks 01 ‘ 
‘coalescencegrowth
irection
F ig u re  2.7: C o a lescen ce  o f  m a tu re  sca lloped  d e p re ss io n  in  U to p ia  P la n itia .
(F ro m  S e jo u rn e  e t al., 2011, fig  8)
A l th o u g h  lakes are im p ro b ab le  in  th e  c u r r e n t  m a r t i a n  c l im a te  it is possib le  th a t  th e y  
h a v e  ex is ted  in  th e  past.  T h e r e  is ev id e n c e  th a t  som e m a r t i a n  d ep re ss io n s  m a y  have  
b een  filled w i t h  w a te r  fo r  long  pe r io d s  o f  t im e  re su l t in g  in  l i t to ra l  te rraces .  C ab ro l  and  
G r in  (2002) describe  te r races  as b e in g  p re se n t  on  m a n y  o f  th e  la rge  scale lake like 
fe a tu re s  t h e y  ex a m in e d .  H o w e v e r  t h e y  do n o t  d iscuss  sca lloped  dep ress ions ,  b u t  are 
focused  o n  larger  p u ta t iv e  la c u s t r in e  e n v i r o n m e n ts  such  as th e  in te r io r  o f  G a le  C ra te r .
O t h e r  lines  o f  ev id en ce  su p p o r t  a m e c h a n i s m  o f  fo rm a t io n  w h ic h  does  n o t  re ly  u p o n  
th e  p o n d in g  o f  w a te r  w i th in  a dep ress io n .  T h e  p resence  o f  b r ig h t  b a n d s  in  th e  floors o f  
sca lloped  d ep ress ions ,  such  as th a t  i l lu s tra ted  in  F igure  2.7, m a y  suggest m u l t ip le  phases  
o f  d e v e lo p m e n t  d u r in g  w h ic h  sca lloped  dep re ss io n s  g row . P re fe re n t ia l  in so la t io n  on  a 
po le  or  e q u a to r  fac ing  w a ll  r e su l ts  in  g r o w th  th ro u g h  re tro g re ss iv e  th a w in g  o r
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s u b l im a t io n  loss, m o v in g  th e  o u te r  m a rg in  o f  th e  fe a tu re  an d  p ro d u c in g  a n e w  b a n d  in 
th e  d e p re s s io n ’s in te r io r  (S e jo u rn e  et al., 2011).
2.4.3 G u llie s
G ullie s  are fo u n d  in  a w id e  v a r ie ty  o f  e n v i r o n m e n ts  o n  E a r th  w h e re  w a te r  e ro s io n  leads 
to  th e  fo rm a t io n  o f  c h a n n e ls  o n  steep  h ill  slopes. T h e y  can  fo rm  th r o u g h  f luv ia l  
processes , w h e re  e ro s io n  b y  w a te r  an d  w a te r -b o rn e  m a te r ia l  f o rm s  a steep  ch a n n e l ,  o r  
as th e  re su l t  o f  d eb r is  f lo w s  w h e re  a m a ss  o f  w a te r - s a tu ra te d  s e d im e n t  is th e  p r im a r y  
eros ive  ag en t  (e.g. Iv e rso n ,  1997). T h e  source reg io n  o f  a gu lly  co n s is ts  o f  a large a lcove 
cu t  in to  th e  h i l ls ide  f ro m  w h ic h  th e  t r a n s p o r te d  m a te r ia l  o r ig in a tes .  T h e s e  source  
reg io n s  can ra n g e  f ro m  a few  h u n d re d s  o f  m e t re s  to  severa l k i lo m e t re s  in  a rea  as 
i l lu s tra ted  in  F igu re  2.9.
F ig u re  2.8: D e b ris  f lo w  g u llie s  o n  th e  n o r th e rn  fe ll o f  D e ild a rd a lu r , a ) S e v e ra l g u llie s  
in c is in g  th e  h ills id e , b ) L evee o f  w e ll m ix e d  c la s tic  m a te r ia l  o n  edge o f  c h a n n e l, c ) -e )  
c h a n n e l p ro file  a t th re e  p o in ts  a lo n g  its  co u rse . T h e  p ro p o r t io n  o f  lo o se  c la s tic  m a te r ia l
d ecreases  to w a rd s  th e  u p p e r  p a r t  o f  th e  fe a tu re  a n d  th e  c h a n n e l  b eco m es  n a r ro w e r .
T h e  gu lly  i tse lf  ty p ic a l ly  co n s is ts  o f  a n a r r o w  c h a n n e l  severa l m e t r e s  in  w i d t h  w h ic h
e x te n d s  fo r  severa l h u n d r e d  m e tre s  d o w n  th e  h ills ide . In  th e  case o f  gu llies  ca rv e d  b y  
deb ris  f lo w s  th e  c h a n n e l  is o f te n  f la n k e d  b y  steep  levees. T h e  c h a n n e l  o f  a g u l ly  
f r e q u e n t ly  en d s  in  a fa n  o f  d epos ited  m a te r ia l  w h e re  th e  g ra d ie n t  o f  th e  h i l l  s lope
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decreases . F igu re  2.8 sh o w s  field o b se rv a t io n s  o f  g u lly  c h a n n e l  m o rp h o lo g y  w hile  
F igure  2.10 i l lu s tra te s  th e  app ea ran ce  o f  these  fea tu re s  in  aeria l  p h o to g ra p h s .
F igure  2.9 is m a in ly  occup ied  b y  the  large a lcove o f  th e  c en tra l  gu lly  w h ic h  covers 
severa l  sq u a re  k ilo m etres .  O t h e r  sm a l le r  a lcoves can  be seen  a t  th e  head s  o f  th e  sm alle r  
gullies an d  so m e  o f  th e se  e x h ib i t  debris  fans  at th e i r  d is ta l  ends.
Credit: NERC ARSF
Figure 2.9: Gullies on hillsides in Skagafjordur N orthern  Iceland, the east side of 
T indasto ll (A erial photograph by the N ERC A irborne Research and Survey Facility, PI
Susan Conw ay, funded by EUFAR).
U n l ik e  th e  o th e r  fea tu res  d iscussed  in  th is  c h a p te r  gullies are n o t  perig lac ia l  in  n a tu re .
W a t e r  is a b u n d a n t  in  a te r re s tr ia l  e n v i r o n m e n t  a n d  gullies can  be e roded  b y  w a te r  f ro m
a v a r ie ty  o f  sources. T h e y  are in c lu d ed  because  in  cold c l im a te  reg io n s  it  is possib le  for
s im i la r  p rocesses  to  th o se  assoc ia ted  w i t h  th e  fo rm a t io n  o f  th e r m o k a r s t  p i ts  to  re su l t  in
th e  f o r m a t io n  o f  gullies. G u ll ie s  are th u s  o f te n  fo u n d  in  p ro x im i ty  to  perig lacial
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assem b lag es. W h e n  sap p in g  o ccu rs o n  a steep , ic e -r ich  h ills id e  th e  re lea sed  m e lt  w a te r  
a n d  d eb ris  w ill  f lo w  d o w n  th e  slope  e ro d in g  a g u lly  in to  th e  side  o f  th e  h ill. S o m e 
g u llie s  in  G re e n la n d  a n d  Ic e la n d  a re  b e liev ed  to  h a v e  fo rm e d  in  th is  w a y , as do  sm a ll 
g u llie s  o n  th e  sides o f  co llap s in g  p in g o s.
2.4.3. i  Gullies on M ars
G u llie s  h av e  b e e n  id e n tif ie d  o n  th e  M a r tia n  su rface  in  M a rs  O rb i te r  C a m e ra  ( M O C )  
N a r ro w  A n g le  im ag es f ro m  th e  M a rs  G lo b a l S u rv e y o r  sp acec ra ft (M a lin  a n d  E d g e tt,
2000). T h e y  a re  fo u n d  o n  a la rg e  n u m b e r  o f  c ra te r  w a lls  a n d  th e  sid es  o f  c a n y o n s . A  
la rg e  n u m b e r  o f  s tu d ie s  h a v e  m a p p e d  th e  d is tr ib u tio n  o f  th e se  fe a tu re s  (B a lm e  e t al., 
2006; D ic k so n  e t al., 2007; R aack  e t al., 2012a; S oare  e t al., 2006). M a r t ia n  g u llie s  are  
be liev ed  to  be a m o n g  th e  y o u n g e s t fe a tu re s  o n  M a rs  due  to  th e i r  p re se n c e  o n  y o u n g  
im p a c t c ra te rs  a n d  d u n e s  a n d  th e  g e n e ra l lack  o f  su p e rp o s in g  c ra te rs  ( H e ld m a n n  e t al.,
2007). M a r tia n  gu llies  a re  o f te n  fo u n d  in  p ro x im ity  to  sca lloped  d e p re ss io n s , su g g e s tin g  
th a t  th e  tw o  fe a tu re s  m a y  fo rm  p a r t  o f  a p e rig lac ia l a ssem b lag e  (S o a re  e t  al., 2007). 
T h a w in g  o f  n e a r  su rface  g ro u n d  ice is o n e  o f  th e  m o s t c o m m o n  h y p o th e s e s  to  e x p la in  
th e se  fea tu re s , in  w h ic h  case th e y  co u ld  b e  c lo se ly  re la te d  to  th e rm o k a rs t  (C o s ta rd  e t 
al., 2002). M o s t g u llie s  are  e i th e r  po le  fac in g  o r  e q u a to r  fac in g  an d  th e y  a p p e a r  to  fa ll 
in to  tw o  sep a ra te  p h ases  o f  g u lly  fo rm a tio n . T h e  o ld e r m o re  d e g ra d e d  g u llie s  a re  
ty p ic a lly  fo u n d  o n  e q u a to r  fac in g  slopes b e tw e e n  40-50°, w h ile  y o u n g e r , f re s h e r  fe a tu re s  
o ccu r o n  po le  fac in g  slopes a t lo w e r la ti tu d e s , a ro u n d  30-40 0 (K n e iss l e t  a l., 2010; R aack  
e t al., 2012a). D u r in g  p e rio d s  o f  h ig h e r  o b liq u ity  th e re  w o u ld  h a v e  b e e n  g re a te r  
in so la tio n  o n  po le  fac in g  slopes. I t  h a s  b e e n  su g g ested  th a t  th is  w o u ld  h a v e  re s u lte d  in  
in c reased  m e ltin g  o f  g ro u n d  ice, an d  c o n se q u e n tly , e n h a n c e d  g u lly  fo rm a tio n  (C o s ta rd  
e t al., 2002), a lth o u g h  th e  p resen ce  o f  b r in e s  in  th e  n e a r  su rface  h a s  b e e n  p u t  fo rw a rd  as 
a n  a lte rn a tiv e  m e c h a n ism  w h ic h  co u ld  a llo w  th a w in g  to  o ccu r (K n a u th  e t al., 2000).
A  w id e  v a r ie ty  o f  a lte rn a te  h y p o th e se s  h a v e  b een  su g g ested  fo r  g u lly  fo rm a tio n  w h ic h  
w o u ld  n o t  re q u ire  th e  th a w in g  o f  n e a r  su rface  g ro u n d  ice. T h e se  in c lude ; e ru p tio n s  o f  
w a te r  f ro m  g e o th e rm a ly  h e a te d  a q u ife rs  (G a id o s , 2001; H a r tm a n n , 2001; M e llo n  an d  
P h illip s , 2001), e ro s io n  b y  flo w s o f  ca rb o n  d io x id e  (H o ffm a n , 2002; M u sse lw h ite  e t al.,
2001), a v a la n c h es  o f  C O 2  fro s t (C e d illo -F lo re s  e t al., 2011; H o ffm a n , 2002; Ish ii an d  
S asak i, 2004), an d  d ry  g ra n u la r  f lo w s (S h in b ro t  e t al., 2004; T re im a n , 2003). H o w e v e r  
th a w in g  re m a in s  th e  d o m in a n t h y p o th e s is .
T h e  m o rp h o lo g y  o f  th ese  fe a tu re s  is m o s t c o n s is te n t w ith  e ro s io n  b y  liq u id  w a te r  
(Jo h n sso n  e t ah, 2014) an d  w i th  fo rm a tio n  as a re su lt  o f  m u ltip le  p h ases  o f  a c tiv ity  
(S c h o n  e t ah, 2009). In  a d d itio n  to  b e in g  fo u n d  o n  c ra te r  w a lls  th e y  f re q u e n tly  o ccu r in  
p laces w h e re  o u tf lo w  f ro m  a su b su rface  a q u ife r  w o u ld  n o t  be v iab le , su ch  as a t th e  crest 
o f  a d u n e  (C o s ta rd  e t ah , 2002; M an g o ld  e t ah , 2003). A d d itio n a lly  th e  d iffe ren ce  in  
v o lu m e  b e tw e e n  a ty p ic a l g u lly ’s so u rce  re g io n  an d  th e  fa n  in  w h ic h  m a te r ia l  is 
d e p o s ite d  su g g es ts  s ig n if ic a n t v o lu m e tr ic  loss, a n  o b se rv a tio n  w h ic h  is m o s t c o n s is te n t 
w i th  th e  lo ss o f  w a te r  d u rin g  o r  su b se q u e n t to  th e  fe a tu re ’s fo rm a tio n  (C o n w a y  an d  
B alm e, 2014).
2.4.4 P in g o s
F ro s t m o u n d s  fo rm  w h e n  su b su rface  w a te r  freezes  to  fo rm  a m a ss iv e  ice d ep o sit, 
d e fo rm in g  th e  o v e rly in g  g ro u n d  in to  a sm a ll h ill. M a n y  su ch  m o u n d s  a re  sm a ll (a  few  
m e tre s  a c ro ss) , t ra n s i to ry  fe a tu re s . H o w e v e r , la rg e r  p e re n n ia l f ro s t m o u n d s  called  
p in g o s  ca n  g ro w  to  be u p  to  200 m e tre s  in  d ia m e te r  an d  60 m e tre s  h ig h  (F re n c h , 2007). 
T h e  te rm  p in g o  d e riv e s  f ro m  th e  local I n u i t  lan g u ag e  o f  th e  re g io n  o f  n o r th  w est 
C a n a d a  in  w h ic h  th e y  w ere  f ir s t  d esc rib ed  (R ic h a rd so n , 1851) an d  s tu d ie d  (M ack ay , 
1988; P o rs ild , 1938). T h e re  are  tw o  ty p e s  o f  p ingos: h y d ra u lic  o r o p e n  sy s tem , p in g o s  
a n d  h y d ro s ta t ic  o r c losed  sy s te m , p in g o s .
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F ig u re  2.10: P in g o s  in  th e  C a n a d ia n  A rc tic  s u r ro u n d e d  b y  sca llo p ed  lak es  o f  p ro b a b le  
th e rm o k a rs t  o r ig in  (G eo lo g ica l S u rv e y  o f  C a n a d a ) .
P in g o  s u m m i ts  are c h a rac te r ised  b y  d e g ra d a t io n  a n d  collapse fea tu res .  E x p o su re  o f  th e  
ice core  resu lts  in  th a w in g  an d  loss o f  m a te r ia l .  I f  th e  ice lens  th a w s  c o m p le te ly  t h e n  
th e  p in g o  w ill collapse r e su l t in g  in  a dep ressed  fe a tu re  called a p in g o  scar (F re n c h ,  2003; 
M ac k a y ,  1998).
2.4.4.1 Formation mechanisms
In  a h y d ro s ta t ic  o r  closed s y s te m  p ingo ,  th e  fo rm a t io n  o f  an  ice co red  h ill  re s u l t s  f r o m  
th e  freez in g  o f  a layer  o f  w a te r  called  a ta lik . T h e s e  are o f te n  fo u n d  in  th e  b ed s  o f  
d ra in e d  o r  f ro z e n  lakes a n d  so p in g o s  o f te n  fo rm  in  th e se  e n v i r o n m e n ts .  T a l ik s  f o r m  
due to  th e  w a y  in  w h ic h  freez in g  a n d  th a w in g  f ro n ts  p ro p ag a te  th r o u g h  a p e r m a f r o s t  
ac t ive  layer. In  th e  sp r ing  th e  ac t ive  laye r  th a w s  f r o m  th e  su rface  d o w n  p r o d u c in g  a 
con s id e rab le  a m o u n t  o f  l iqu id  w a te r .  In  th e  a u t u m n  a n d  w in te r  th e  ac t ive  la y e r  f reezes  
again . T h e  freez in g  f ro n t  is also p r e d o m in a n t ly  ac t in g  d o w n w a r d s  f r o m  th e  su rface ,
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a n d  so a la y e r  o f  w a te r  is t ra p p e d  b e tw e e n  th e  fre e z in g  f ro n t  an d  th e  p e re n n ia lly  fro z e n  
g ro u n d  b e lo w . I t is p o ssib le  fo r  a second  fre e z in g  f ro n t  to  p ro p ag a te  u p w a rd s  f ro m  th e  
ice lay er, b u t  th is  p ro cess  is less c o m m o n  (C o r te , 1963). T h e  fu r th e r  th e  fre e z in g  f ro n t 
p ro g re sse s  th e  g re a te r  th e  h y d ro s ta tic  p re ssu re  o n  th e  in te rs t i t ia l  w a te r  w h ic h  freezes  
in to  len se s  o f  m a ss iv e  ice, fo rc in g  th e  g ro u n d  u p w a rd s  (F re n c h , 2007; M ack ay , 1998).
O p e n  sy s te m  p in g o s  o ccu r w h e n  th e ir  s tru c tu re  is m a in ta in e d  b y  h y d ra u lic  p re ssu re . 
O p e n  sy s te m  P in g o s  o f te n  fo rm  in  d ra in in g  lak e  b a s in s  w h e re  th e  a r te s ia n  p re ssu re  o f  
w a te r  in  th e  su b su rface  is su ff ic ie n t to  d e fo rm  th e  g ro u n d  as th e  w a te r  freezes  to  fo rm  
an  ice co re  (F re n c h , 2007; S oare  e t al., 2005).
2.4.4a Pingos on M ars?
A  n u m b e r  o f  d o m es a n d  h ills  ac ro ss  th e  m a r t ia n  su rface  h a v e  b e e n  id e n tif ie d  as b e in g  
m o rp h o lo g ic a lly  s im ila r  to  te r re s tr ia l  p in g o s. F ea tu re s  in  U to p ia  P la n itia , C y d o n ia  
M e n sa e  a n d  G u se v  C ra te r  h av e  a ll b e e n  su g g ested  to  be p u ta tiv e  m a r t ia n  p in g o s  (B u rr  
e t al., 2009; D ep ab lo  a n d  K o m a tsu , 2009; D u n d a s  a n d  M cE w en , 2010; D u n d a s  e t al.,
2008). T h e s e  fe a tu re s  are  in fe rre d  to  be  y o u n g , p a r tly  due  to  th e  fac t th a t  l i t t le  e ro s io n  is 
a p p a re n t, b u t also due  to  a lack  o f  su p e rp o s in g  sm all im p a c t c ra te rs  (S o a re  e t al., 2005). 
S m a ll m o u n d s  a re  o f te n  c lu s te red  in  d e p re ss io n s  as p in g o s  are  o n  E a r th  an d  are  
f r e q u e n tly  seen  in  a sso c ia tio n  w i th  p a tte rn e d  g ro u n d  (S o a re  e t al., 2005). T h e  to p s  o f  
so m e  o f  th e  fe a tu re s  seem  to  h a v e  co llap sed  to  fo rm  a c ra te r  lik e  s tru c tu re .
T h e  p re se n c e  o f  p in g o s  o n  M a rs  w o u ld  su g g est th e  p re sen ce  o f  lak es  d u r in g  th e  p a s t as 
te r re s tr ia l  p in g o s  a re  g e n e ra lly  a sso c ia ted  w ith  lakes an d  a lases (C a b ro l a n d  G rin , 2002). 
A lte rn a tiv e ly  it  m ig h t su g g est th e  p re sen ce  o f  sh a llo w , c o n ta in e d  g ro u n d w a te r  w h ic h  
w o u ld  a llo w  o p e n  sy s te m  p in g o s  to  fo rm . I t  h as  b e e n  su g g ested  th a t  p in g o s  cou ld  h a v e  
fo rm e d  a f te r  th e  e v a p o ra tio n  o f  a n o r th e rn  o cean  a t a p o in t  in  th e  p a s t w h e n  M a rs ’s 
c lim a te  w a s  m o re  h o sp ita b le  (P a rk e r  e t al., 1993).
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H o w e v e r , it  sh o u ld  be n o te d  th a t  p in g o s  are  e q u ilib r iu m  la n d fo rm s . T h e y  are  re l ia n t  o n  
th e  a c tio n  o f  liq u id  w a te r  an d  so can  o n ly  fo rm  in  an  e n v iro n m e n t w h e re  th a w in g  can  
o ccu r o n  a re g u la r  basis . T h e  life  cycle  o f  th e  p in g o  f ro m  th e  in it ia l  fo rm a tio n  o f  a n  ice 
len s  th ro u g h  g ro w th  a n d  d e g ra d a tio n  to  co llap se  can  ta k e  m o re  th a n  a c e n tu ry . S o m e 
s tru c tu re s  in  ex cess  o f  a th o u s a n d  y e a rs  o ld  h av e  b een  re p o r te d  (F re n c h , 2007). 
H o w e v e r  o n  a g eo log ica l t im e  scale th e se  la n d fo rm s  a re  t r a n s ie n t  fe a tu re s  d e p e n d a n t o n  
th e  c lim a te  in  w h ic h  th e y  a re  fo rm e d  to  m a in ta in  th e ir  s tru c tu re . T h is  m e a n s  th a t  th e ir  
p re sen ce  o n  th e  m a r t ia n  su rface  w o u ld  th e o re tic a lly  in d ic a te  th a t  w a te r  h as  b e e n  ac tiv e  
o n  th e  su rface , o r  a t le a s t in  th e  n e a r  su b su rface  in  th e  re la tiv e ly  re c e n t past.
C u r r e n t  e ro s io n  ra te s  o n  M a rs  are  m u c h  lo w e r th a n  th o se  fo u n d  in  w e t te r re s tr ia l  
e n v iro n m e n ts  (G o lo m b e k  an d  B ridges, 2000). T h is  cou ld  d ra m a tic a lly  in c re a se  th e  
life sp a n  o f  o th e rw ise  t r a n s i t iv e  fe a tu re s . E v en  so, fe a tu re s  w i th  a life sp a n  o n  th e  o rd e r  
o f  decades to  c e n tu r ie s  w o u ld  s till n o t  be  ex p ec ted  to  re m a in  p r is t in e  fo r  m ille n n ia .
A n o th e r  co m p lic a tin g  issu e  is th a t  m o u n d s  w i th  d im e n s io n s  s im ila r  to  te r re s tr ia l  
p in g o s  can  o ccu r th ro u g h  a n u m b e r  o f  p ro cesses . W i th o u t  g ro u n d  t r u th  o b se rv a tio n s  
can  be d iff ic u lt to  te ll  w h e th e r  a c ra te re d  m o u n d  is th e  re su lt  o f  p e r ig la c ia l p ro c e sse s  o r 
w h e th e r  it  h a s  a v o lcan ic  o r ig in  (Jaeg e r e t al., 2007; M a r tfn e z -A lo n s o  e t al., 2005) P in g o s  
o f te n  e x h ib it  p ro m in e n t ra d ia l c rack in g , w h ic h  c an  d is t in g u is h  th e m  fro m  ro o tle s s  
c o n es (P ag e  a n d  M u rra y , 2006) in  o th e r  re sp ec ts  th e i r  m o rp h o lo g ie s  a re  s im ila r . S o m e  
o f  th e  fe a tu re s  w h ic h  h a v e  b een  su g g ested  as p u ta t iv e  p in g o s  a re  a lso  good  c a n d id a te s  
fo r  m u d  v o lc a n ism  (F a rra n d  e t al., 2005).
P in g o s  w ill n o t  be a m a jo r  fo cu s o f  th is  in v e s tig a tio n . E v en  o n  E a r th  th e y  a re  n o te d  to  
h av e  a w id e  v a r ie ty  o f  m o rp h o lo g ie s , w i th  m a n y  fe a tu re s  n o t  a p p e a r in g  m u c h  lik e  th e  
ty p e  e x am p le s  d esc rib ed  above. T h e i r  m a in  d is t in g u is h in g  c h a ra c te r is tic ; th a t  th e y  h a v e  
a n  icy  core , is h a rd  to  te s t  fo r  m a r t ia n  fea tu re s . F u r th e rm o re  th e  fe a tu re s  m o s t  lik e ly  to
be fo u n d  o n  M a rs  w o u ld  be  p in g o  re m n a n ts , w h ic h  can  be d iff ic u lt to  id e n tify  in  th e  
fie ld  in  te r re s tr ia l  e n v iro n m e n ts , m u c h  less u s in g  re m o te  sen s in g  d a ta  in  th e  ab sen ce  o f  
g ro u n d  t ru th .
2.4.5 P a tte rn e d  G ro u n d
O n e  o f  th e  m o s t d is tin c tiv e  la n d fo rm s  to  be fo u n d  in  a p e rig lac ia l e n v iro n m e n t is 
p o ly g o n a lly  p a tte rn e d  g ro u n d . V a r io u s  d if fe re n t p ro cesses  can  re su lt  in  th e  fo rm a tio n  
o f  p o ly g o n a l n e tw o rk s , so m e  o f  w h ic h  are  p erig lac ia l, w h ile  o th e rs  do  n o t  re q u ire  
th a w in g  to  o ccu r (W a s h b u rn , 1956). T h e rm a l c o n tra c tio n  c rack in g , su b lim a tio n  
p o ly g o n s  a n d  so rted  p a tte rn e d  g ro u n d  w ill a ll be d iscu ssed . S o rte d  p a tte rn e d  g ro u n d  is 
th e  m o s t s ig n if ic a n t fo r  th is  in v e s tig a tio n  as it  ev o lv es  d u e  to  th e  re p e a te d  f re e z in g  an d  
th a w in g  o f  th e  p e rm a fro s t ac tiv e  la y e r an d  is c h a ra c te r is tic  o f  a p e rig lac ia l 
e n v iro n m e n t. I ts  p re sen ce  in d ic a te s  th e  a c tio n  o f  liq u id  w a te r  in  th e  g eo log ica lly  re c e n t 
p as t.
2.4.6 T h e rm a l  C o n tra c tio n  C ra c k in g
T h e rm a l  c o n tra c t io n  c rack in g  in  ic e -r ich  p e rm a fro s t z o n e s  o ccu rs  d u e  to  rep ea ted  
te m p e ra tu re  ch an g es, b u t  does n o t  re q u ire  th e  a c tio n  o f  liq u id  w a te r  p er-se . 
C o n s e q u e n tly , it c an  o ccu r in  v e ry  co ld  an d  d ry  e n v iro n m e n ts  w h e re  th e  te m p e ra tu re  
ra re ly  i f  e v e r  rise s  above  ze ro  °C .
C h a n g e s  in  te m p e ra tu re  re su lt  in  v e ry  sm a ll a m o u n ts  o f  e x p a n s io n  a n d  c o n tra c tio n  o f  
so lid  m a te r ia ls . A s th e  te m p e ra tu re  d ro p s  th e  m a te r ia l  w ill c o n tra c t s lig h tly  an d  th is  
w ill  in d u c e  te n s ile  s tre ss . I f  th e  te n s ile  s tre ss  d u e  to  c o n tra c tio n  ex ceed s th e  ten s ile  
s tr e n g th  o f  th e  m a te r ia l  th e n  c rack in g  w ill occu r, re leas in g  th e  te n s io n  an d  d e fo rm in g  
th e  g ro u n d  su rface  (F re n c h , 2007; L ach en b ru ch , 1962; L effin g w ell, 1915).
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In  a rocky soil where the tensile strength  of the m aterial is very strong th is is unlikely 
to cause significant cracking. How ever, ice undergoes m uch m ore expansion and 
contraction than  rock does and it has a lower tensile strength  so fractures form  more 
readily in sedim ents w ith  very high ice content.
T h e rm a l c o n tra c tio n  c rack s fo rm  o n  a ra n g e  o f  scales; n e w ly  fo rm e d  c rack s are 
ty p ic a lly  tw o  cm  w id e  a n d  te n  cm  deep, e x te n d in g  fo r  m a n y  m e tre s  la te ra lly . In  a 
h e te ro g e n e o u s  so il d if fe re n t re g io n s  w ill  c o n tra c t a t d if fe re n t ra te s  a n d  so m o re  s tre ss  
w ill o ccu r in  so m e a reas  th a n  in  o th e rs . M u ltip le  c rack s  fo rm  p e rp e n d ic u la r  to  a re g io n  
o f  h ig h  s tre ss  a n d  e x p an d , b o th  e x te n s io n a lly  an d  in  w id th , u n t i l  th e  en d s  o f  th e  c rack s 
m e e t an d  p o ly g o n a l ce lls a re  fo rm e d  (F re n c h , 2007)
Cracks do not rem ain pristine and clear, but soon fill w ith  ‘wedges’ o f o ther m aterial 
such as sand and w ater (w hich in tu rn  can freeze into ice). As ice wedges expand and 
m ore loose m aterial accum ulates in and around the cracks a raised “shoulder” can form  
at the rim  of the  polygon giving it a “low -centred” appearance. Expanding wedges open 
the cracks fu rther and cause them  to propagate dow nw ards through the soil, increasing 
the size of the fracture (Leffingwell, 1915). Polygons frequently  form  polygonal 
structures 10-35 m  in  diam eter, their form ation requires m any cycles both  o f expansion 
and contraction and accum ulation of m aterial. Consequently, it can take m any years 
for a fully developed ice wedge polygon to form . T hey  rem ain stable for long periods of 
time, w ith  m any of those seen in A rctic N orth  Am erica and the U K  believed to have 
form ed during the Pleistocene.
2.4.6.1 Sublimation Polygons
In environm ents where sublim ation is a dom inant process contraction cracks can 
expose underlying ground ice to degradation. T he ice around the cracks sublim atess 
form ing wide troughs several m eters wide and deep. T he ice in the  centre o f the
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p o ly g o n s  re m a in s  p ro te c te d  fro m  s u b lim a tio n  b y  o v e rly in g  soil. C o n se q u e n tly , th e y  
te n d  to  fo rm  h ig h  c e n tre d  p o ly g o n s  in  c o n tra s t  to  th o se  w i th  la rg e  stab le  ice o r sand  
w ed g es (F re n c h , 2007; M a rc h a n t  e t ah , 2002).
T h e  e x te n t  o f  su b lim a tio n  is v e ry  d e p e n d e n t o n  th e  a m o u n t o f  in so la tio n  th e  g ro u n d  in  
a n  area  rece iv es. T h is  c an  lead  to  a s y m m e tr ic a l fe a tu re s  w h e re  th e  e q u a to r-fa c in g  slope 
o f  a tro u g h  rece iv es  m o re  su n lig h t, u n d e rg o e s  m o re  s u b lim a tio n  an d  so is n o t  as steep  
(L ev y  e t al., 2008). O n  E a rth , th e rm a l c o n tra c tio n  c rack in g  o ccu rs in  areas w h e re  th e  
so il is sa tu ra te d  w ith  ice, b u t  w h e re  sea so n a l th a w in g  c a n n o t ta k e  p lace  a n d  su b lim a tio n  
p ro cesses  p re d o m in a te .
O n e  o f  th e  b e s t e x am p le s  o f  th is  te r ra in  is B eacon  V a lle y , o n e  o f  th e  A n ta rc tic  D ry  
V a lle y s , w h ic h  is o f te n  u sed  as a n  an a lo g u e  e n v iro n m e n t fo r  M a rs  re sea rch  (e.g . L evy 
e t al., 2009; M a rc h a n t e t al., 2002). M a n y  o f  th e  p o ly g o n s  in  th is  re g io n  sh o w  ev id en ce  
o f  s u b lim a tio n  p rocesses, b e in g  su rro u n d e d  w ith  deep  tre n c h e s  an d  h a v in g  an  
a s y m m e tr ic a l p ro file . T h e se  la n d fo rm s  a re  s im ila r  in  fo rm  to  m a n y  p o ly g o n a lly  
p a tte rn e d  g ro u n d s  o n  M ars . S u b lim a tio n  can  a lso  g e n e ra te  p o c k m a rk e d  te r ra in  co v ered  
w i th  sm a ll p its  w h e re  iso la ted  p a tc h e s  o f  ex p o sed  ice h av e  su b lim a te d  aw ay  (S o a re  e t 
al., 2008).
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F ig u re  2.11: S u b lim a tio n  p o ly g o n s  in  B eacon  V a lle y , A n ta rc tic a . T h e se  p o ly g o n s  are  
su rro u n d e d  b y  deep  tro u g h s  w h ic h  h a v e  b e e n  g e n e ra te d  b y  s u b lim a tio n  o f  th e  
u n d e r ly in g  g ro u n d  ice as i t  is  ex p o sed  b y  c o n tra c tio n  c rack in g . T h e  p o ly g o n s  are  
a ro u n d  20 m  in  d ia m e te r  ( f ro m  M a r c h a n t  et al., 2002, fig  4)
2.4.6.2 Thermal contraction cracking on M ars?
F rac tu re  p o ly g o n s  are v e ry  c o m m o n  a t h ig h  la t i tu d e s  o n  M a rs  (L e v y  et al., 2010; 
M an g o ld ,  2005; M ello n ,  1997). T h e s e  s t ru c tu re s  o ccu r  o n  a v a r ie ty  o f  scales r a n g in g  
f ro m  sm all,  10-20 m  d ia m e te r  p o ly g o n s  to  la rg e r  scale fea tu re s  u p  to  100 m e t r e s  across. 
M a n y  o f  th e se  fea tu re s  are s im i la r  in  scale to  te r re s t r ia l  ana logues ,  su g g es t in g  th a t  
f ra c tu r in g  o f  g ro u n d  ice is a l ike ly  c a n d id a te  fo r  th e i r  f o rm a t io n .  A  v a r ie ty  o f  s tu d ie s  
h av e  m a p p e d  p o ly g o n  d is t r ib u t io n  in  b o th  th e  n o r th e r n  a n d  s o u th e rn  h e m is p h e re s  
(L a n g s d o r f  a n d  B ritt ,  2004; Levy et al., 2010; M a n g o ld ,  2005; M e llo n ,  1997), c lass if ied  
d if fe re n t  p o ly g o n  ty p e s  (K u z m in  et al., 2002; L a n g sd o r f  a n d  B rit t ,  2005; J o s e p h  S. Levy 
et al., 2009; M a n g o ld ,  2005; M e llo n ,  1997) a n d  d e te rm in e d  a u to m a t ic  s y s te m s  fo r  
p o ly g o n  reco g n i t io n .  (P in a  et al., 2008)
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G ia n t  p o ly g o n s  sev era l k ilo m e tre s  across are  a lso  o b serv ed . T h e s e  g ia n t p o ly g o n s  are 
fa r  la rg e r th a n  a n y  fe a tu re s  a sso c ia ted  w ith  p e rig lac ia l lan d scap es  o n  E a rth . W h ile  it is 
p o ssib le  th a t  th e  e n v iro n m e n ta l c o n d itio n s  o n  M a rs  a llo w  fo r la rg e r p o ly g o n  g ro w th  
(M a n g o ld , 2005), m a n y  re se a rc h e rs  are  scep tica l th a t  th e se  a re  p e rig lac ia l fea tu re s  
(H ie s in g e r  an d  H e a d , 2000; M cg ill, 1986). T h e  sm a lle r  scale fe a tu re s  w ill be  th e  focus o f  
th is  in v e s tig a tio n , w ith  f ra c tu re  p o ly g o n s  la rg e r th a n  a few  h u n d re d  m e tre s  d is reg a rd ed  
as p o ss ib le  p e rig lac ia l la n d fo rm s .
S m a ll scale f ra c tu re  p o ly g o n s  h a v e  a v a r ie ty  o f  d if fe re n t m o rp h o lo g ie s . T h e  n e tw o rk s  
th e m se lv e s  are  ca teg o rised  based  o n  th e ir  g e o m e try . S o m e g ro u p s  o f  f ra c tu re s  fo rm  
h e x a g o n a l o r re c ti l in e a r  p a tte rn s  w h ile  o th e rs  e x h ib it  a “ra n d o m -o r th o g o n a l” 
a r ra n g e m e n t w h e re  th e  f ra c tu re s  in te rse c t a t a v a r ie ty  o f  an g les  (M a n g o ld , 2005). T h e  
m a jo r ity  o f  p o ly g o n s  a ssu m e  a h e x a g o n a l o r ra n d o m -o r th o g o n a l p a tte rn , b u t  m a n y  
re g io n s  o f  r e c ti l in e a r  f ra c tu re s  h a v e  b e e n  o b se rv ed  (K u z m in  e t al., 2002; L a n g sd o rf  an d  
B ritt , 2005; M an g o ld , 2005). S m a lle r  p o ly g o n s , co m p arab le  in  size  to  th o se  fo u n d  o n  
E a r th  h av e  a lso  b e e n  d e te c te d  a n d  are  m o re  lik e ly  to  be p e rig lac ia l in  o rig in .
P o ly g o n a l s tru c tu re s  ca n  be c h a ra c te r ise d  b y  w h e th e r  th e y  a re  h ig h  o r low  cen tred . 
H ig h  c e n tre d  p o ly g o n s  c o n s is t o f  a b lo ck  o f  u n -e ro d e d  g ro u n d  su rro u n d e d  b y  deep  
f ra c tu re s  o r tro u g h s . L ow  c e n tre d  p o ly g o n s  h a v e  th e  o p p o site  m o rp h o lo g y . T h e se  occu r 
w h e re  th e  f ra c tu re s  h a v e  b eco m e in -f ille d  w ith  san d  o r ice w edges, w h ic h  are  fo rced  up  
b y  th e  re p e a te d  o p e n in g  a n d  c lo s in g  o f  th e  fra c tu re s . In  th e se  cases th e  p o ly g o n a l r im  is 
h ig h e r  th a n  th e  p o ly g o n  in te r io r . S im ila r  s tru c tu re s  can  be seen  in  te r re s tr ia l  p e rig lac ia l 
e n v iro n m e n ts , so lo w  c e n tre d  p o ly g o n s  are  a u se fu l m a rk e r  o f  possib le  ice w edge  
a c c u m u la tio n . T h e se  fe a tu re s  a re  b e liev ed  to  be re la tiv e ly  re c e n t, as th e y  o ccu r o n  all 
su rfaces , h av e  few  su p e rp o sed  im p a c t c ra te rs , an d  h av e  b een  o b se rv ed  to  o v e rly  g u llie s  
in  so m e  reg io n s .
S o m e tim e s  c rack s d ev e lo p  p o ly g o n  ju n c tio n  p its , w h e re  e n h a n c e d  s u b lim a tio n  o ccu rs  a t 
th e  ex p o sed  c o rn e rs  o f  th e  p o ly g o n s  (S e jo u rn e  e t al., 2010). S u b lim a tio n  p i t t in g  h a s  b een  
o b se rv ed  b e tw e e n  4 0 -6 o °N  o n  M a rs  w h e re  th e  n e a r  su rface  g ro u n d  ice is n o t  v e ry  
stab le . I t  does n o t  re q u ire  th e  p re sen ce  o f  a f ra c tu re  p a tte rn , b u t  f r a c tu r in g  ex p o ses  
su b su rface  ice to  su b lim a tio n . P o ly g o n  ju n c tio n  p its  a re  fo u n d  in  a rea s  o f  p o ly g o n  
co v ered  g ro u n d  across U to p ia  P la n itia  (S e jo u rn e  e t al., 2010). B o th  h ig h  a n d  lo w  c e n tre d  
p o ly g o n s  a re  fo u n d  in  th is  a rea , so i t  is p o ss ib le  th a t  a su ite  o f  p ro cesses  in c lu d in g  
th e rm a l c o n tra c tio n  c rack in g , su b lim a tio n  a n d  san d  o r ice w ed g e  a c c u m u la tio n  a re  
in v o lv e d  in  th e  fo rm a tio n  o f  th e se  fe a tu re s .
T h e re  is c o n sid e rab le  d eb a te  as to  w h e th e r  th e  p o ly g o n s  o b se rv ed  in  U to p ia  P la n itia  are  
p e rig lac ia l in  o rig in . W h ile  th e y  co u ld  re p re se n t th e  re su lts  o f  p e rig la c ia l p ro cesse s  
(L ev y  e t al., 2010; M an g o ld , 2005) it  h a s  a lso  b e e n  a rg u ed  th a t  th e  c rack s  w e re  fo rm e d  b y  
th e  co o lin g  o f  flo o d  lav as  (M c G ill, 1986) . T h is  e x p la n a tio n  is u n lik e ly  to  e x p la in  th e  
sm a ll scale fe a tu re s  b e in g  c o n s id e red  in  th is  in v e s tig a tio n  a n d  h a s  b e e n  d is c o u n te d  b y  
L evy  e t al., (2010) an d  M an g o ld , (2005).
T h e  y o u n g  age o f  th e  sm a lle r  p o ly g o n s  a lso  su g g es ts  a p e rig la c ia l o r ig in . M a n y  o f  th e  
p o ly g o n s  h av e  fo rm e d  w i th in  im p a c t c ra te rs  an d  can  be seen  to  be  e ro d in g  th e  c ra te r  
s tru c tu re . T h is  m e a n s  th a t  th e ir  e a rlie s t fo rm a tio n  d a tes  c an  be e s t im a te d , s in ce  a 
p o ly g o n  th a t  su p e rp o ses  a n  im p a c t c ra te r  m u s t  be  y o u n g e r  th a n  th e  c ra te re d  te r ra in .  
M a n y  ap p ea r to  h a v e  fo rm e d  d u r in g  th e  A m a z o n ia n  (M o rg e n s te rn  e t  al., 2007). T h is  
m a k e s  a v o lcan ic  e x p la n a tio n  less lik e ly  as v o lc a n ism  w o u ld  be u n lik e ly  to  h a v e  b e e n  
o c c u rrin g  th is  la te  in  m a r t ia n  h is to ry , an d  w o u ld n ’t  be ex p e c te d  to  o v e rlie  th e  m o s t 
re c e n t c ra te rs .
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2.4.7 Sorted Patterned Ground
S o r te d  p a t te rn e d  g ro u n d  is f r e q u e n t ly  fo u n d  in  perig lac ia l  lan d scap es  on  E arth .  Fine 
g ra in e d  soils are  separa ted  f ro m  coarse r  s to n es  an d  gravels , r e su l t in g  in  p a t te rn s  such  as 
s tr ipes ,  c irc les and  p o ly g o n s  w h e re  b a n d s  o f  la rge r  s tones  su r ro u n d  a m a ss  o f  f in e r  soil. 
T h e  in v e rse  effect can  also occur, re su l t in g  in  d isc re te  zones  o f  course  m a te r ia ls  
s u r ro u n d e d  b y  f in e r  sed im en ts .
T h i s  so r t in g  is th e  resu lt  o f  c ry o tu rb a t io n ,  th e  m o v e m e n t  o f  th e  soil b y  th e  repea ted  
f reez in g  an d  th a w in g  o f  in te rs t i t ia l  w a te r  (C o r te ,  1963; K essler a n d  W e r n e r ,  2003; 
K ess le r  et al., 2001; K ran tz ,  1990). S ince  so r ted  p a t te rn e d  g ro u n d  re su l ts  f ro m  a freeze 
th a w  cycle it can  o n ly  o ccu r  in  an  e n v i r o n m e n t  w h e re  th e  g ro u n d  ice regu la r ly  
u n d e rg o e s  th a w .  O n  E a r th  so r ted  p a t te rn e d  g ro u n d  is rea so n ab ly  c o m m o n  in 
p e rm a f ro s t  r ich  areas such  as th e  C a n a d ia n  A rc tic ,  n o r th e r n  G re e n la n d ,  Ice land  and  
S p i tsb e rg e n  (F eu il le t  et al., 2012a; F ren ch ,  2007; W a s h b u r n ,  1956).
F ig u re  2.12: E x am p les  o f  so rte d  P a tte rn e d  g ro u n d  in  Ice lan d . A  v a r ie ty  o f  d if fe re n t 
p a t te rn  m o rp h o lo g ie s  a re  i l lu s tra te d ; a ) S o rte d  p o ly g o n s  g rad e  in to  a d is c o n tin u o u s  n e t, 
b ) S m a ll f in e  d o m a in s  su rro u n d e d  b y  large  co arse  areas, c) S tr ip e s  o f  la rg e  s to n e s  are  
in te rs p e rs e d  b y  b a n d s  o f  sm a lle r  m a te r ia l , d ) M e tre  scale so rte d  p o ly g o n  c o m p rise d  o f  
10 cm  scale  co arse  m a te r ia l, e ) S o r tin g  o n  m u ltip le  scales, c e n tim e tre  scale p a tte rn e d  
g ro u n d  w i th in  m e tre  scale p o ly g o n s . F ) C le a r  cm  scale  p o ly g o n a l n e t  (p h o to s  a-c  b y  
C h r is  B a rre tt, d -e  A le x  B a rre tt, f  S u sa n  C o n w a y  a n d  A n d re w  W ils o n ) .
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A s c ry o tu rb a t io n  occurs  la rg e r  pa r t ic le s  are m o v e d  f u r th e r  f ro m  th e i r  source  area t h a n  
f in e r  p ar t ic les  and  so reg io n s  o f  d i f fe re n t ly  sized  m a te r ia l  are fo rm e d ,  re su l t in g  in  a 
p o s i t iv e  feedback  loop. A  ran g e  o f  fac to rs  su ch  as th e  g ra d ie n t  o f  a hil l  s lope can  re su lt  
in  m o re  c o m p lica ted  s t ru c tu re s  such  as str ipes , p o ly g o n s  an d  l a b y r in th s  o f  so r ted  s tones  
(K ess le r  et al., 2001; K ra n tz ,  1990; W a s h b u r n ,  1973, 1956).
In  an  u n c o n s t r a in e d  se t t in g  m a te r ia l  w ill  be d isp laced  u n i f o r m ly  an d  so r ted  circ les w ill  
fo rm . In  genera l  th is  is ra re ly  th e  case. S o r ted  s t ru c tu re s  fo rm in g  in  close p r o x im i ty  
w il l  c o n s t r a in  each  o th e r ’s d e v e lo p m e n t  and  so a n e tw o r k  o f  in te rc o n n e c te d  p o ly g o n s  
w ill  fo rm . S o r ted  s tr ipes  o ccu r  o n  sh a l lo w  h ills ides .  T h e  g ra d ie n t  o f  th e  slope causes  
ch an g es  to  th e  d ra in ag e  across  th e  fea tu re  a n d  th e  p re fe re n t ia l  m o v e m e n t  o f  d isp laced  
m a te r ia l  in  one  d irec t ion .  C o n s e q u e n t ly ,  so r ted  p o ly g o n s  e longa te ,  as m o re  m a te r ia l  
t ra n s la te s  d o w n  slope th e se  fea tu re s  w il l  deve lop  in to  t ru e  so r ted  s tr ipes  (K ra n tz ,  1990).
F ig u re  2.13: L arge scale p a tte rn e d  g ro u n d  in  th e  C a n a d ia n  a rc tic ; a ) m u ltip le  m e tre  w id e  
so rte d  s tr ip e s , b ) v e ry  la rg e  scale so r te d  c irc le s  a p p ro x im a te ly  20m  acro ss . (G e o lo g ic a l
S u rv e y  o f  C a n a d a )
T h e  m e c h a n is m s  in v o lv e d  in  th e  fo r m a t io n  o f  so r ted  p a t te rn e d  g ro u n d  are  n o t  w ell  
u n d e rs to o d .  It  is be lieved  th a t  t h e y  are p o ly g en e t ic ,  an d  th a t  a ran g e  o f  p rocesses  
in c lu d in g  f ro s t  h e a v in g  an d  fros t c reep  all h a v e  a s ig n if ican t  role in  th e  so r t in g  p rocess  
( W a s h b u r n ,  1956).
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2.4-7*1 Frost Heaving.
F ro s t h eav e  re su lts  f ro m  th e  g ro w th  o f  ice len ses  w i th in  th e  soil. U n f ro z e n  g ro u n d  
w a te r  is d ra w n  u p  th ro u g h  th e  fro z e n  fr in g e  b y  h y d ro s ta tic  fo rces, an d  fo rm s  ice 
c ry s ta ls . T h e s e  g ro w  as m o re  w a te r  is d ra w n  up , u n t i l  a so lid  len s  o f  ice is fo rm ed . T h e  
a c c u m u la tio n  o f  su b su rface  ice len ses  can  fo rce  th e  e n tire  g ro u n d  su rface  to  rise , 
re su ltin g  in  f ro s t h e a v in g  (F re n c h , 2007). In  a n o n -h o m o g e n o u s  soil, reg io n s  o f  
d if fe re n tly  sized  m a te r ia l  a re  a ffec ted  d if fe re n tly  b y  th e  fre e z in g  o f  g ro u n d  w a te r . A  
fre e z in g  f ro n t  p ro p a g a te s  fa s te r  th ro u g h  a n  area  o f  coarse  m a te r ia l  su ch  as la rg e  s to n es  
th a n  it does th ro u g h  a m a ss  o f  f in e r  soil, as th e re  is less m o is tu re  in  coarse  o r  s to n y  
re g io n s  (C o r te , 1963; K essle r a n d  W e rn e r , 2003). In  a v e r tic a l p ro file  la rg e r  s to n e s  w ill 
be b ro u g h t to  th e  su rface , w h ile  f in e r  so il p a rtic le s  are  tra n s p o r te d  d o w n w a rd s  b y  th e  
p e rc o la tio n  o f  w a te r  th ro u g h  th e  soil, a p ro cess  called  illu v ia tio n  (C o r te , 1963; K essler 
a n d  W e rn e r ,  2003).
O v e r  a se ries o f  f re e z in g  a n d  th a w in g  cycles d if fe re n t g rades o f  p a r tic le s  are  g rad u a lly  
sep a ra ted . A  p o s itiv e  feed b ack  th e n  o ccu rs  as so m e reg io n s  b eco m e d o m in a te d  b y  f in e  
g ra in e d  m a te r ia l  w h ile  c o a rse r  p a r tic le s  ac c u m u la te  a t a d if fe re n t lev e l w i th in  th e  so il 
p ro file . T h is  feed b ack  p ro cess  en co u rag es  th e  p re fe re n tia l  a c c u m u la tio n  o f  th e  sam e 
g rad e  o f  p a r tic le  in  each  re g io n  o f  th e  so il p ro file .
2.4.7.2 Sorting through differential frost heave.
F ro s t h e a v in g  is c e n tra l to  th e  fo rm a tio n  o f  so rted  p a tte rn e d  g ro u n d . W h e n  th e  ac tiv e
la y e r  f reezes  th e  fo rm a tio n  a n d  g ro w th  o f  c o h e re n t len ses  o f  ice w ith in  th e  so il re su lts
in  th e  d e fo rm a tio n  o f  th e  su rface . O n  a large  scale, e x p a n d in g  ice len ses  can  fo rce  th e
e n tire  g ro u n d  su rface  to  r ise  a n d  lead  to  th e  fo rm a tio n  o f  d o m es (F re n c h , 2007). O n  a
sm a lle r  scale  th e  d iffe re n c e  in  h eav e  b e tw e e n  th e  c e n tre  o f  a f in e  d o m a in  an d  its  edge is
less p ro n o u n c e d , b u t  is s till  su f f ic ie n t to  cause  so rtin g  to  occur.
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S in ce  f in e  g ra in ed  m a te r ia l  is g e n e ra lly  m o re  f ro s t-su sc e p tib le  th a n  co arse  g ra in e d  
m a te r ia l  it  is th e se  re g io n s  w h ic h  u n d e rg o  th e  m o s t h e a v in g . R eg io n s  o f  p re d o m in a n tly  
f in e  g ra in e d  so il w ill ex p a n d , p u s h in g  s to n y  m a te r ia l  to  th e  edges. W e re  a s in g le  f in e  
d o m a in  to  e x p a n d  o u tw a rd s  in to  a s to n y  re g io n  it  w o u ld  p ro d u c e  a c irc u la r  s tru c tu re , a 
r in g  o f  s to n es  s u r ro u n d in g  a f in e  g ra in e d  reg io n . In  a reas  w h e re  m u lt ip le  f in e  d o m a in s  
are  h e a v in g  th e y  co m p ress  th e  coarse  m a te r ia l  in to  in c re a s in g ly  th in  b a n d s  o f  s to n es . A  
p o ly g o n a l n e tw o rk  d ev e lo p s  c o n s is tin g  o f  th in  s to n y  b o rd e rs  s u r ro u n d in g  re g io n s  o f  
fin e  g ra in e d  soil. T h e  g ra d ie n t b e tw e e n  th e  c e n tre  o f  a re g io n  o f  h e a v in g  so il a n d  its  
edge  re su lts  in  su rface  creep . L oose s to n es , w h e th e r  o n  th e  su rface  o r  l if te d  b y  n e ed le  
ice w ill be d isp laced  a w ay  f ro m  th e  c e n tre  o f  th e  re g io n  o f  h e a v in g  a n d  to w a rd s  th e  
s to n y  b o rd e rs  (K ess le r  e t al., 2001). A  p a r tic le  lif te d  u p  b y  f ro s t h e a v e  is m o v e d  
p e rp e n d ic u la r  to  th e  g ro u n d  su rface . H o w e v e r  w h e n  th a w  o ccu rs  a ra ise d  p a r t ic le  w ill 
fa ll b ack  d o w n  in  th e  d ire c tio n  o f  g ra v ity . W h e n  th is  p ro cess  o ccu rs  o n  a slo p e  th e re  is 
a n e t  m o v e m e n t o f  p a rtic le s  d o w n h ill  (F re n c h , 2007). L arg er p a r tic le s  a re  su b jec t to  a 
g re a te r  d isp la c e m e n t b y  su rface  c reep  w h ile  f in e r  m a te r ia l  w ill  te n d  to  se ttle  in to  th e  
space le f t b y  th e  la rg e r s to n e s  (K e ss le r  a n d  W e rn e r ,  2003).
A  n u m b e r  o f  d is tin c tiv e  s tru c tu re s  su c h  as s tr ip e s , c irc les, p o ly g o n s  a n d  la b y r in th s  
fo rm  as a re s u lt  o f  th e se  so r tin g  p ro cesses; th e  m o re  co m p lex  sh ap es  b e in g  th e  p ro d u c t 
o f  th e  in te ra c t io n  b e tw e e n  v e r tic a l a n d  la te ra l so r tin g  (K ess le r a n d  W e rn e r ,  2003). T h e  
c o m p le x ity  o f  th e  su rface  p a t te rn  d e p e n d s  u p o n  th e  g ra d ie n t o f  th e  slo p e  a n d  th e  
d is tr ib u tio n  o f  m a te r ia l  o f  d if fe re n t f ro s t  su sc e p tib ility  w i th in  th e  soil.
2.4.7.3 Sorted patterned ground on M ars?
T h e re  is e v id e n c e  th a t  so r tin g  h as  ta k e n  p lace  o n  M a rs  in  g eo lo g ica lly  re c e n t  t im e s . 
P u ta tiv e  p a t te rn e d  g ro u n d  h as  b e e n  id e n tif ie d  a t lo w  la ti tu d e s  in  E ly s iu m  P la n it ia  
(B a lm e  a n d  G a lla g h e r, 2009) an d  a t h ig h  la ti tu d e s  in  H e im d a l C ra te r  (G a lla g h e r  e t al.,
20ii), an d  across  th e  V a s t i ta s  Borealis  (G a l la g h e r  an d  Balm e, 2011; O r lo f f  et al., 2011). 
T h e r e  are som e  reg ions  w h e re  h il ls ide  s tr ipes  hav e  b e e n  in te rp re te d  as a possib le  
ex p re s s io n  o f  so r ted  p a t te rn e d  g ro u n d ,  as th e y  app ea r  to  evo lve  f ro m  po lygona l  
n e tw o r k s  o n  fla t  g ro u n d  in to  s tr ipes  o n  th e  s teepe r  slopes. H o w e v e r  th e  p resence  o f  
c lasts  w as  n o t  p o s i t iv e ly  id en t i f ied  fo r  th e se  s ites  as th e  o b se rv a t io n s  p red a ted  the  
a r r iv a l  o f  th e  h ig h  r e so lu t io n  H iR IS E  c a m e ra  on  M a rs  R e c o n n a is san ce  O r b i t e r  (B alm e 
et al., 2013; M an g o ld ,  2005).
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F ig u re  2.14: C la s tic  p o ly g o n s  in  E ly s iu m  P la n itia  (A f te r  B a lm e a n d  G a lla g h e r  2009, 
H iR IS E  im ag e  P S P _ oo4072_i854 N A S A /J P L /U n iv e r s i ty  o f  A r iz o n a )
T h e r e  is d eb a te  as to  h o w  th e se  so r ted  fea tu re s  w e re  fo rm ed .  It is possib le  th a t  th e y  
fo r m e d  d u r in g  pe r iods  o f  h ig h  o b l iq u i ty ,  t h r o u g h  f reez ing  and  th a w in g ,  poss ib ly  
fa c i l i ta te d  b y  c ry o b r in e s  (G a l la g h e r  a n d  Balm e, 2011). H o w e v e r  it is also possib le  th a t  a 
m o re  ex o t ic  p rocess  is re sp o n s ib le  fo r  th e i r  f o r m a t io n  an d  th a t  th e i r  s im i la r i ty  to  
te r r e s t r ia l  perig lac ia l  s t ru c tu re s  is m is lead in g .
6 4
I t  h a s  b e e n  su g g ested  ( O r lo f f  e t al., 2011; O r lo f f  e t al., 2013) th a t  b o u ld e r  c lu s te r in g  cou ld  
re s u lt  from , “ra tc h e tin g ” w ith o u t  a n y  th a w  p ro cesses . In  th is  h y p o th e s is , d u r in g  th e  
w in te r  b o u ld e rs  b eco m e tra p p e d  in  a th ic k  la y e r o f  C O 2  f ro s t  a n d  a re  m o v e d  a lo n g  w i th  
th e  c o n tra c tin g  g ro u n d . D u r in g  w a rm e r  p e rio d s  th e  C O 2  fro s t h a s  su b lim a te d  a n d  th e  
b o u ld e rs  are  n o  lo n g e r  as t ig h t ly  locked  as th e  fro z e n  g ro u n d . T h e  b o u ld e rs  n o w  m o v e  
fre e ly  as th e  g ro u n d  b e n e a th  th e m  e x p a n d s  a n d  so th e re  is a n e t  d isp la c e m e n t o v e r 
sev e ra l o f  th e se  cycles.
T h e re  is n o  te r re s tr ia l  a n a lo g u e  fo r  th is  p rocess, a n d  it  re m a in s  u n c le a r  w h e th e r  i t  co u ld  
be re sp o n s ib le  fo r  th e  a r ra n g e m e n t o f  b o u ld e rs  o n  th e  n o r th e r n  p la in s  o f  M a rs . W i th o u t  
in  s itu  o b se rv a tio n s  it  is im p o ss ib le  to  be c e r ta in  w h e th e r  su ch  fe a tu re s  fo rm e d  as a 
re su lt  o f  p e rig lac ia l p rocesses. H o w e v e r  e v id e n c e  fo r  a p e rig lac ia l o r ig in  c a n  b e  d ra w n  
f ro m  s ite s  w h e re  th e se  fe a tu re s  o ccu r in  p ro x im ity  to  o th e r  p u ta t iv e  p e rig la c ia l 
la n d fo rm s .
2.5 Summary
In  s u m m a ry  th e  te r re s tr ia l  p e rig lac ia l la n d sc a p e  m a y  be a u se fu l a n a lo g u e  fo r  a v a r ie ty  
o f  u n u s u a l m a r t ia n  fea tu re s . O n  E a r th  p e rig lac ia l fe a tu re s  a re  fo u n d  ac ro ss  th e  co ld  
c lim a te  re g io n s  w h e re  p e rm a fro s t is p re se n t, b u t  su rface  te m p e ra tu re s  a re  f r e q u e n tly  
w a rm  e n o u g h  to  m e lt  a n  ac tiv e  lay e r. A c tiv e  la y e r  p ro cesses  p ro d u c e  a ra n g e  o f  
d is tin c tiv e  fe a tu re s  in c lu d in g  th e rm o k a rs t ,  so lif lu c tio n  lobes, f ro s t  m o u n d s  a n d  
p a tte rn e d  g ro u n d .
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3 Chapter Three: A  Periglacial Environment on Mars?
A s o u tlin e d  in  C h a p te r  T w o  p e rig lac ia l fe a tu re s  a re  d e fin ed  based  u p o n  fo rm a tio n  
m e c h a n ism s  w h ic h  re q u ire  th e  a c tio n  o f  liq u id  w a te r . C o n se q u e n tly , i f  th e  s im ila r  
fe a tu re s  o b se rv ed  o n  M a rs  a re  p e rig lac ia l in  n a tu re  th e n  it  w o u ld  p ro v id e  u se fu l 
in fo rm a tio n  o n  th e  c o n d itio n s  u n d e r  w h ic h  th e y  ev o lv ed . D e te rm in in g  w h e th e r  th is  
fo rm a tio n  h y p o th e s is  h o ld s  tru e  re q u ire s  a d e ta iled  c o m p a riso n  o f  m o rp h o lo g ie s  
b e tw e e n  th e  e q u iv a le n t la n d fo rm s .
T h is  in v e s tig a tio n  p r im a r i ly  b u ild s  u p o n  th e  w o rk  in  th e  g eo m o rp h o lo g y  s tu d ie s  c ited  
ab o v e  to  assess w h e th e r  th e  s tru c tu re  an d  d is tr ib u tio n  o f  c e r ta in  la n d fo rm s , p a r tic u la r ly  
sca llo p ed  d e p re ss io n s  an d  so rted  p a tte rn e d  g ro u n d , f i t  w i th  a p e rig lac ia l h y p o th e s is . 
H o w e v e r  i t  is f ir s t  im p o r ta n t  to  c o n s id e r  th e  lik e lih o o d  th a t  a p e rig lac ia l e n v iro n m e n t 
is v iab le  o n  M a rs  an d  u n d e r  w h a t  c o n d itio n s  i t  is m o s t lik e ly  to  be fo u n d .
T h e  q u e s tio n  o f  w h e th e r  p e rig lac ia l c o n d itio n s  are  p o ss ib le  o n  M a rs  is a m a t te r  o f  som e 
d eb a te . T h e se  fe a tu re s  co u ld  h a v e  fo rm e d  d u r in g  a p a s t p e rio d  o f  h ig h e r  o b liq u ity  o r 
w i th in  a spec ific  m ic ro c lim a te  w h e re  u n u s u a l te m p e ra tu re  e x tre m e s  a re  possib le . I t  h a s  
a lso  b e e n  th e o rise d  th a t  th e  p re sen ce  o f  c ry o b rin e s , w i th  lo w  e u te c tic  te m p e ra tu re s , 
co u ld  a llo w  th e  a c tio n  o f  p e rig lac ia l p ro cesses  a t lo w  te m p e ra tu re s  w h e re  w a te r  w o u ld  
o rd in a r i ly  b e  e x p ec ted  to  be  fro z e n . T h e se  to p ic s  w ill b e  d iscu ssed  in  m o re  d e ta il 
th ro u g h o u t  th is  ch a p te r .
A  la b o ra to ry  s tu d y  w as  a lso  c o n d u c te d  as p a r t  o f  th is  p ro jec t. I t  w as  in te n d e d  to  
p ro v id e  a n  e x p e r im e n ta l “p ro o f  o f  c o n c e p t” th a t  th e  f re e z in g  p o in t d ep re ss io n  e ffec t 
a sso c ia te d  w i th  th e  p re sen ce  o f  c ry o b rin e s  cou ld  a llo w  p e rig lac ia l p ro cesses  to  occur. 
H o w e v e r  th is  s tra n d  o f  th e  in v e s tig a tio n  p ro v e d  in c o n c lu s iv e  a n d  so w ill n o t  be
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discussed in great detail here. Full details of the w ork conducted are presented in 
A ppendix One.
3.1 Identifying Periglacial Landscapes
As discussed throughout the preceding chapter, landform s w ith  a sim ilar m orphology 
to terrestrial periglacial features have been observed in a variety  of satellite images of 
the m artian  surface. Putative features have been found w hich m atch the m orphologies 
of all o f the com m on periglacial landform s described above.
Gullies, w hich could result from  the thaw ing of near surface ground ice, have been 
observed at m id to high latitudes across both  the northern  and southern  hem ispheres 
(Balme et al., 2006; D ickson et al., 2007; M alin and Edgett, 2000). Scalloped depressions 
tha t have m orphologies sim ilar to terrestrial therm okarst basins are found across 
U topia Planitia (Costard and Kargel, 1995; Soare et al., 2008). Sorted patterned ground 
and pingos have been proposed in  Elysium  Planitia (Balme et al., 2009) and in the 
V astitas Borealis (G allagher and Balme, 2011) and unsorted fracture polygons, w hich 
could be the surface expression of buried ice wedge polygons, are reported across the  
N orthern  Plains (Levy et al., 2009; M angold, 2005; M ellon, 1997). Lobate features 
sim ilar in form  to terrestrial solifluction lobes are also observed (G allagher et al., 2011; 
Johnsson et al., 2012).
These and other studies provide a variety o f evidence for a putative periglacial 
environm ent on the N orthern  Plains of M ars in the geologically recent past, bu t w hile 
the periglacial hypothesis is a plausible explanation for these features it is no t the only 
one.
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3.1.1 E q u if in a li ty
Even though features m ay have a sim ilar m orphology it does not necessarily follow 
that they form ed as a result of the same process. N um erous hypotheses can explain the 
m orphology of a given landform  and in the  absence o f ground tru th  such hypotheses 
can be difficult to test except where m orphom etric tests can unequivocally distinguish 
them . It m ay be impossible to determ ine w ith  complete certain ty  w hether the observed 
features are products of a periglacial environm ent w ithout actually exam ining them  in 
the field. A lternate form ation m echanism s have been discussed in m ore detail in the 
sections on each individual landform  throughout chapter two.
3.1.2 L a n d fo rm  A ssem b lag es
T he m ost compelling evidence for a periglacial environm ent comes from  places where a 
suite of potentially  periglacial landform s occur in close proxim ity. A n  assemblage of 
landform s is a suite of features w hich appear to have form ed at a sim ilar tim e, and 
through related processes. T hey  probably form ed under the  same climatic conditions 
and form  part of a coherent landscape. For example on Earth the form ation of pingos 
and therm okarst lakes are closely related; they  are often, though not exclusively, found 
together. Consequently, a group of M artian  pingo like m ounds found in close 
proxim ity  to scalloped depressions are arguably m ore likely to be periglacial in nature 
than  if they  were found in isolation. Landform  assemblages provide a more reliable 
indicator of periglacial activity  than  individual landform s.
3.2 Periglacial Processes
As described in Chapter Tw o a perm afrost environm ent consists of ground w hich is 
perpetually frozen, w ith  the exception o f a th in  active layer up to one m etre deep which 
freezes and thaw s on a seasonal cycle. Thaw ing occurs from  the surface down due to
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b o th  h e a t in g  f ro m  r is in g  a ir  t e m p e ra tu re  an d  d u e  to  d irec t in so la t io n  ( W a s h b u r n ,  1973). 
T h e  fro s t  tab le  d e scen d s  to  th e  base o f  th e  ac t ive  laye r  at th e  w a r m e s t  p a r t  o f  th e  y ea r  
leav in g  a laye r  o f  w a te r - s a tu ra te d  soil. A s  t e m p e ra tu re s  beg in  to  cool ag a in  th e  ac tive  
lay e r  re freezes ,  b o th  u p w a rd s  f ro m  th e  fros t tab le  an d  d o w n w a r d s  f ro m  th e  g ro u n d  
su rface  (M a c k a y ,  1984). T h i s  p rocess  is i l lu s tra ted  in  F igure  3.1.
T h aw in g
T haw s from  top  
dow n.
A ctive  
Layer
Frozen
G round M ass o f  ice 
and soil
Freezing  
Freezes from  both  
top and bottom .
F ig u re  3.1: T h e  sy s te m  u n d e r  e x a m in a tio n . C h a n g e s  to  th e  a c tiv e  la y e r  d u r in g  th a w in g  
an d  f re e z in g  stag es  o f  th e  sea so n a l cycle .
In  a p u re  w a te r  s y s te m  th e  d o w n w a rd s  f re e z in g  f ro n t  w o u ld  co n s is t  o f  a ze ro  °C 
iso th e rm .  In  a n y  sy s te m  w h e re  salts  are p re s e n t  th e  te m p e ra tu re  o f  th i s  i s o th e r m  w ill  
be c o n s id e rab ly  low er.  T h i s  f reez in g  f ro n t  w il l  in i t ia l ly  ad v a n c e  th r o u g h  th e  g ro u n d  
para lle l  to  th e  surface. H o w e v e r ,  m a n y  fa c to rs  can  re su l t  in  v a r ia t io n s  in  th i s  f ro n t  an d  
it w ill  m o s t  l ike ly  a d v an ce  a t  d if fe re n t  ra te s  in to  th e  soil, d e p e n d in g  o n  local 
co n d i t io n s .  Fac to rs  such  as th e  degree  to  w h ic h  th e  su rface  is in s u la te d  w il l  a lso  h a v e  an  
effect o n  th e  m o rp h o lo g y  o f  th e  in i t ia l  f reez in g  f ro n t .  T h e  u p w a rd s  f re e z in g  f r o n t  w ill  
l ikew ise  be a ffec ted  b y  v a r ia t io n s  in  th e  h e ig h t  o f  th e  s u m m e r  ice table . O n c e  f reez in g  
beg ins  th e  ze ro  degree  is o th e rm  w il l  q u ic k ly  b eco m e  ev en  m o re  i r r e g u la r  s ince  it w ill
6 9
n o t  tra v e l th ro u g h  th e  u n f ro z e n  g ro u n d  a t a u n ifo rm  ra te , b u t  w ill m o v e  fa s te r  th ro u g h  
so m e  re g io n s  a n d  s lo w er th ro u g h  o th e rs .
T h e  ra te  a t w h ic h  th e  fre e z in g  f ro n t  p e n e tra te s  th e  g ro u n d  is d e p e n d e n t o n  a v a r ie ty  o f  
fa c to rs . C o a rse  an d  f in e  m a te r ia ls  h a v e  d if fe re n t p h y s ic a l p ro p e rtie s . A  coarse  g ra in ed  
so il h a s  a lo w e r  specific  h e a t c ap ac ity  th a n  th e  e q u iv a le n t v o lu m e  o f  f in e s  (e.g . A b u - 
H a m d e h , 2014), so th e  f re e z in g  f ro n t  w o u ld  be  ex p ec ted  to  p ro p a g a te  fa s te r  th ro u g h  th is  
re g io n . T h is  w as  o b se rv ed  b y  M a tsu o k a  e t al., (2003) in  th e ir  e x p e r im e n ta l s tu d ies . 
T h e y  re p o r te d  th a t  th e  ze ro  d eg ree  is o th e rm  d id  n o t  p e n e tra te  as fa r  in to  reg io n s  capped  
w i th  co a rse  m a te r ia l  as it  d id  in  d o m a in s  c o m p o sed  p r im a r i ly  o f  f in e r  g ra in e d  soil. 
S in ce  th e  f in e  d o m a in s  a re  th e  fro s t-su sc e p tib le  f ra c tio n  th is  re su lts  in  a d if fe re n tia l 
f ro s t  h e a v in g , w h ic h  m a y  se t th e  so r tin g  p ro cess  in  m o tio n .
T h e  th e rm a l p ro p e rtie s  o f  th e  d if fe re n t m a te r ia ls  a re  n o t  th e  o n ly  fa c to r  a ffe c tin g  th e  
p ro p a g a tio n  o f  th e  freez in g  f ro n t. F in e  g ra in e d  reg io n s  w ill r e ta in  m o re  w a te r  th a n  
co a rse  d o m a in s  (K ess le r a n d  W e rn e r ,  2003). T h is  h a s  a s tro n g  e ffe c t o n  th e  ra te  o f  
f re e z in g , s in ce  th e  e n e rg y  re q u ire d  to  coo l th e  d ry  reg io n s  is su b s ta n tia lly  less th a n  th a t  
r e q u ire d  to  in it ia te  a p h ase  ch a n g e  in  th e  sa tu ra te d  soil. In  a sy s te m  w h e re  th is  fa c to r  
d o m in a te s , th e  ze ro  deg ree  is o th e rm  w ill p ro p a g a te  fa s te r  th ro u g h  s to n y  reg io n s  th a n  
th ro u g h  f in e  d o m a in s .
C o n s e q u e n tly , th e  fre e z in g  f ro n t  is e x p ec ted  to  be ir re g u la r  in  th e  m a jo r ity  o f  cases, 
a l th o u g h  th e  p rec ise  speed  o f  p e n e tra t io n  w ill lik e ly  v a ry  f ro m  site  to  site , d ep en d in g  
o n  th e  th e rm a l p ro p e rtie s  o f  th e  su b s tra te  a n d  th e  s a tu ra tio n  o f  th e  soil (N ic h o lso n , 
1976). C h a n g e s  in  th e  an g le  o f  th e  fre e z in g  f ro n t  w ill re su lt  in  d if fe re n tia l  h e a v in g  
ac ro ss  th e  fe a tu re  an d  be in s tru m e n ta l  in  s e ttin g  u p  la te ra l so r tin g  w i th in  th e  so il as 
w e ll  as v e r tic a l s tra tif ic a tio n  o f  d if fe re n tly  sized  p a rtic le s  (M a tsu o k a  e t al., 2003). A s
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ice len ses  fo rm  th e  su rface  h eav es  a n d  th is  e n h a n c e s  th e  p e r tu rb a tio n s  in  th e  f re e z in g  
f ro n t  d e sc rib ed  ab o v e , c re a tin g  a p o s itiv e  feed b ack  loop .
3.2.1 T h e  fo rm a tio n  o f  ice len ses
T h e  fro s t h eav e  p ro cess  is th e  re su lt o f  th e  fo rm a tio n  o f  len ses  o f  c o h e re n t ice w i th in  
th e  soil. A s  a so il freezes , c ra c k in g  w ill o ccu r an d  a sm a ll a m o u n t o f  seg reg a ted  ice w ill 
fo rm  w i th in  th e  c rack . T h e  fre e z in g  f ro n t  w ill e x te n d  b e lo w  th is , c re a tin g  a re g io n  
ca lled  th e  fro z e n  fr in g e  (M illa r , 1972). In  th e  fro z e n  fr in g e , w a te r - f i l le d  p o re s  f re e z e  b u t  
th e  p re sen ce  o f  a ir  filled  p o re s  m e a n s  th a t  su p e rco o led  g ro u n d w a te r , k e p t l iq u id  b y  th e  
c o n f in in g  p re ssu re , c an  s till  be  d ra w n  u p w a rd s  b y  c a p illa ry  ac tio n . T h is  w a te r  is d ra w n  
to  th e  base  o f  th e  n e w ly  fo rm in g  ice lens, a d d in g  to  th e  v o lu m e  o f  seg reg a ted  ice. A s  th e  
fre e z in g  f ro n t  ad v a n c e s  a s tack  o f  su ch  len ses  w ill fo rm , w i th  a c tiv e  a c c u m u la tio n  
o c c u rr in g  a t th e  lo w est, w a rm e s t lens. T h e  fac t th a t  th is  o ccu rs  in  a th in  a c tiv e  la y e r  
su rro u n d e d  b y  ice m e a n s  th a t  th e  h y d ra u lic  c o n d u c tiv ity  o f  th e  f ro z e n  f r in g e  is v e ry  
low . W a te r  c a n n o t eas ily  d ra in  th ro u g h  th is  re g io n  a n d  it  re m a in s  la rg e ly  s a tu ra te d  
u n t i l  f re e z in g  is co m p le te .
Ice  len ses  h a v e  b e e n  p ro d u ced  in  th e  la b o ra to ry  u n d e r  c o n d itio n s  ty p ic a l fo r  th e  
te r re s tr ia l  a rc tic  (K o n rad , 1988; P e n n e r , 1986). Ice  len s  fo rm a tio n  is d e p e n d e n t u p o n  a 
n u m b e r  o f  fac to rs , in c lu d in g  th e  f ro s t  su sc e p tib ility  o f  th e  so il (d e p e n d e n t o n  th e  size  
o f  th e  p a r tic le s  a n d  th e  size  a n d  p e rc e n ta g e  o f  v o id  space), th e  a v a ila b ili ty  o f  w a te r , an d  
s u ff ic ie n t t im e  fo r  a slo w  fre e z in g  f ro n t  p ro p a g a tio n  th ro u g h  th e  so il c o lu m n  
(B ro n fe n b re n e r  a n d  B ro n fe n b re n e r , 2010; K o n rad , 1989a; T a b e r , 1929).
3.3 Periglacial Processes on Mars
F o r p e rig lac ia l e n v iro n m e n ts  to  be re lia b ly  id e n tif ie d  o n  M a rs , i t  m u s t  be d e m o n s tra te d  
th a t  th e  la n d fo rm s  o b se rv ed  cou ld  h a v e  fo rm e d  u n d e r  p e r ig la c ia l c o n d itio n s . T h is
re q u ire s  th e  p resen ce  o f  p e rm a fro s t in  th e se  areas, an d  th e  c o n d itio n s  n e c e ssa ry  fo r 
th a w in g  to  o ccu r in  th e  u p p e r  m e tre  o f  th e  soil. C o n se q u e n tly , th e  s ta b ility  o f  liq u id  
w a te r  u n d e r  m a r t ia n  te m p e ra tu re  an d  p re ssu re  c o n d itio n s  is o f  v ita l im p o r ta n c e  w h e n  
c o n s id e r in g  th e  v ia b ility  o f  a p e rig lac ia l h y p o th e s is . I f  w a te r  c a n n o t m e lt f ro m  its  solid  
s ta te  th e n  a p e rm a fro s t ac tiv e  la y e r  c a n n o t fo rm  a n d  c ry o tu rb a tio n , so lif lu c tio n  an d  
m a n y  o f  th e  p ro cesses  a sso c ia ted  w ith  p e rig lac ia l e n v iro n m e n ts  also  c a n n o t occur.
3.3.1 P re se n c e  o f  P e rm a fro s t
O n  M a rs  th e re  is e v id e n c e  fo r th e  p re sen ce  o f  g ro u n d  ice n e a r  th e  su rface  a t m id -  to  
h ig h - la ti tu d e s , an d  d eep e r w i th in  th e  g ro u n d  a t lo w e r la ti tu d e s  (B o y n to n  e t al., 2010; 
F e ld m a n  e t al., 2004). T h e  g am m a  ra y  an d  n e u tro n  sp e c tro m e te rs  o n  th e  M a rs  O d y sse y  
sp acec ra ft h av e  c o n firm e d  th e  p re sen ce  o f  h ig h  c o n c e n tra tio n s  o f  h y d ro g e n  in  areas 
w h e re  g ro u n d  ice w as  p re d ic te d  to  be stab le  a t o r n e a r  th e  su rface  b y  c lim a te  m o d e llin g  
(F e ld m a n  e t al., 2002). T h e  d is tr ib u tio n  o f  p a tte rn e d  g ro u n d , th o u g h t to  h av e  fo rm e d  by  
th e rm a l c o n tra c tio n  p ro cesses  in  ic e -r ic h  se d im e n ts , a lso  m a tc h e s  th e  d is tr ib u tio n  o f  
n e a r-su rfa c e  h y d ro g e n  as m e a su re d  b y  M a rs  O d y sse y  (M a n g o ld  e t al., 2004).
T h e  p re se n c e  o f  v o la tile s  is a lso  e v id en ced  b y  th e  e x is te n c e  o f  ‘s o f te n e d ’ te r ra in , w h e re  
th e  e jec ta  d ep o sits  c rea ted  b y  la rg e  im p a c ts  h a v e  b e e n  d e fo rm e d  b y  th e  m o b ilis a tio n  o f  
v o la tile s  (B a rlo w , 2009; C o s ta rd , 1989). E xcess e jec ta  c ra te rs , w h e re  a n  ic e -r ic h  la y e r  is 
b e liev ed  to  be co v ered  b y  c ra te r  e jec ta  a n d  p re v e n te d  f ro m  b e in g  lo s t to  th e  a tm o sp h e re  
as c lim a te  ch a n g e  o ccu rs (B lack  a n d  S te w a rt, 2008) a lso  p ro v id e  ev id en ce  o f  g ro u n d  ice 
d is tr ib u tio n .
L arge sw a th e s  o f  th e  m a r t ia n  n o r th e rn  p la in s , as w e ll as la rg e  areas a t h ig h  so u th e rn  
la ti tu d e s , a p p e a r to  be co v ered  b y  a n  ic e -d u s t m a n tle  k n o w n  as th e  L a titu d e  D e p e n d e n t 
M a n tle  (L D M ) (K re s la v sk y  a n d  H e a d , 2002; M u s ta rd  e t al., 2001). T h is  m a y  h av e  b een  
e m p laced  b y  aeo lian  p rocesses; th e  m a te r ia l  h a v in g  b een  tra n s p o r te d  fro m  th e  p o la r
caps d u rin g  p e rio d s  o f  h ig h e r  o b liq u ity  an d  d ep o sited  ac ro ss  th e  m id  to  h ig h  la titu d e s  
(B lack  an d  S te w a rt, 2008; H e a d  e t al., 2003; K res lav sk y  a n d  H e a d , 2002). I t  is lik e ly  th a t  
th e  d e v e lo p m e n t o f  th is  m a n tle  w as s tro n g ly  o b liq u ity  d riv en ; as e v id e n c e d  b y  th e  fac t 
th a t  it  is c u r re n tly  u n d e rg o in g  d e g ra d a tio n  a t lo w er la ti tu d e s  (S c h o n  e t al., 2012).
D u r in g  th e  la s t p e r io d  o f  h ig h  o b liq u ity  (a t a p p ro x im a te ly  2.1 to  0.4 M y r )  th e  m a r t ia n  
po les  rece iv ed  m o re  in s o la tio n  th a n  is p re se n tly  th e  case. U n d e r  th e se  c o n d itio n s  th e  
P o la r  R eg io n s w o u ld  h a v e  b e e n  w a rm e r, le ad in g  to  in c re a se d  loss o f  w a te r  to  th e  
a tm o sp h e re , an d  its  t r a n s p o r t  to  an d  d e p o s itio n  a t lo w e r  la titu d e s . I t  w o u ld  h a v e  b een  
d ep o sited  across th e  m id  to  h ig h  la ti tu d e s  c re a tin g  a re g io n a l m a n tle . (H e a d  e t al., 2003; 
K re s la v sk y  a n d  H e a d , 2002).
G e o m o rp h o lo g ic a l e v id e n c e  fo r  la rg e  a m o u n ts  o f  g ro u n d  ice h as  a lso  b e e n  o b se rv ed  o n  
re g io n s  o f  th e  n o r th e rn  p la in s  n e a r  th e  te rm in a t io n  o f  o u tf lo w  c h a n n e ls . M a ss iv e  
o u tf lo w  e v e n ts  f ro m  th e  C h ry se  a n d  E ly s iu m  c h a n n e ls  cou ld  h a v e  d e p o s ite d  g ro u n d  ice 
in  re g io n s  w h ic h  a re  m o re  s o u th e r ly  th a n  th o se  co v ered  b y  th e  L D M  (C o s ta rd  a n d  
K argel, 1995).
T h e s e  areas o f  m a r t ia n  g ro u n d  ice m a y  be s im ila r  to  th e  a reas  o f  e x te n s iv e  g ro u n d  ice 
fo u n d  in  p e rm a fro s t e n v iro n m e n ts  o n  E a rth , an d  it  is p o ss ib le  th a t  u n d e r  th e  c o rre c t 
te m p e ra tu re  an d  p re ssu re  c o n d itio n s  a d ry  a c tiv e  la y e r  co u ld  h a v e  b e e n  p ro d u c e d  
(K re s la v sk y  e t al., 2008). W e t  ac tiv e  la y e r  p ro cesses  w o u ld  be u n lik e ly  e v e n  d u r in g  
p e rio d s  o f  h ig h e r  o b liq u ity  w h e n  th e  c lim a te  is w a rm e r  an d  w e t te r  in  th e  su m m e r, I t  
w o u ld  a lso  h a v e  b e e n  co ld e r d u r in g  w in te r  d u r in g  su c h  p e rio d s .
3.3.2 T h a w in g  o f  a n  A c tiv e  L ayer?
T h e  c u r re n t  m a r t ia n  c lim a te  is v e ry  co ld  a n d  d ry . T h e  m e a n  su rface  te m p e ra tu re  is
a ro u n d  210 K, a n d  ra n g e s  f ro m  140-300 K  (K ie ffe r  e t al., 1992). T h u s  i t  can  be seen  th a t
w h ile  th e  av erag e  is fa r  b e lo w  th e  f re e z in g  p o in t o f  w a te r , te m p e ra tu re s  a t  w h ic h
73
th a w in g  o f  ice is possib le  do occur. A tm o s p h e r ic  p re ssu re  at th e  su rface  is o f  th e  o rder  
o f  560 Pa (K ie ffe r  et ah, 1992). T h e  s tab il i ty  o f  w a te r  u n d e r  d if fe re n t  pa r t ia l  p ressu re  
a n d  te m p e r a tu r e  co n d i t io n s  can  be sh o w n  u s in g  its p h ase  d iag ram .
Liquid
10
Solid
Pressure
(Pa)
IO3 -
Gas
600 700200100
0  Earth
*  Mars Tem perature (K )
F ig u re  3.2: P h a se  d ia g ra m  fo r  p u re  w a te r , a n n o ta te d  w i th  th e  av e rag e  te m p e ra tu re  an d
p re ssu re  c o n d itio n s  fo r  E a r th  a n d  M ars .
O n  E a r th  th e  m e a n  t e m p e ra tu re  and  p re ssu re  c o n d i t io n s  are close to  th e  t r ip le  p o in t  o f  
w a te r .  C o n s e q u e n t ly ,  w a te r  can  ex is t  in  all th re e  p h ases  o n  th e  su rface  o f  E arth .  O n  
M a rs  a l th o u g h  th e  te m p e ra tu re  and  p re ssu re  is q u i te  va r iab le  th e  m e a n  co n d i t io n s  p lo t 
m o s t ly  w i t h i n  th e  solid an d  v a p o u r  reg io n s  o f  th e  ph ase  d iag ram . A n y  liqu id  w a te r  
re leased  o n to  th e  su rface  w ill  q u ic k ly  freeze, boil o r  ev a p o ra te  e n te r in g  th e  m o re  stable  
solid  a n d  gaseous  phases .  C o n s e q u e n t ly ,  l iqu id  w a te r  can  be said to  be m e ta s ta b le  u n d e r  
m a r t i a n  co n d i t io n s ;  it w il l  n o t  r e m a in  in  its l iqu id  s ta te  fo r  v e ry  long, b u t  its p resence  
in  th is  s ta te  is c e r ta in ly  poss ib le  u n d e r  e x t re m e  co n d i t io n s  an d  fo r  l im i te d  per iods  o f  
t im e  (B a rg e ry  et al., 2010; C arr ,  1983; H e c h t ,  2002; W a l la c e  a n d  Sagan , 1979).
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T h e  m o s t f re q u e n t  p laces w h e re  te m p e ra tu re s  w ill rise  ab o v e  th e  fre e z in g  p o in t  o f  
w a te r  are  th o se  th a t  rece iv e  a la rg e  a m o u n t o f  in so la tio n . I t  h a s  b e e n  su g g ested  th a t  p o le  
fac in g  slopes w o u ld  h a v e  b e e n  a good  c a n d id a te  fo r th a w  d u r in g  p e rio d s  o f  h ig h e r  
o b liq u ity . T h e  n u m b e r  o f  lo c a tio n s  w h e re  l iq u id  w a te r  is e x p e c te d  to  be s tab le  is m u c h  
lo w e r in  th e  m o d e rn  d ay . S tab le  w a te r  is m o re  lik e ly  a t lo w  la ti tu d e s  th a n  h ig h . I t  is 
p o ssib le  fo r  liq u id  w a te r  to  be stab le , a t le a s t te m p o ra r ily , d u r in g  th e  w a rm e r  sea so n s  in  
th e  re g io n  b e tw e e n  o° a n d  30° la ti tu d e  (H a b e r le  e t al., 2001). I t  w o u ld  n o t  be  e x p e c te d  to  
be stab le  fo r  v e ry  lo n g  a t la ti tu d e s  fu r th e r  n o r th  o r so u th  th a n  30°. A t  m id  to  h ig h  
la ti tu d e s  th e  te m p e ra tu re  a n d  p re ssu re  c o n d itio n s  are  m o re  fa v o u ra b le  to  th e  s ta b il i ty  o f  
g ro u n d  ice th a n  liq u id  w a te r .
T h e  lo n g e r liq u id  w a te r  is ex p o sed  to  th e  m a r t ia n  e n v iro n m e n t th e  m o re  h e a t i t  w ill 
lose; b o th  d u e  to  c o n ta c t w ith  its  co ld  su rro u n d in g s  an d  th ro u g h  e v a p o ra tiv e  co o lin g . 
T h e  lo w  a tm o sp h e r ic  p re ssu re  m e a n s  th a t  w a te r  w ill re a d ily  e v a p o ra te  a n d  th is  
re m o v e s  h e a t f ro m  th e  sy s te m . S u ff ic ie n t en e rg y  n e e d s  to  be  p re s e n t to  o v e rc o m e  th e  
ev a p o ra tiv e  co o lin g  e ffec t k eep in g  th e  w a te r  in  a l iq u id  s ta te  lo n g  e n o u g h  fo r  it  to  h a v e  
a g e o m o rp h ic  e ffec t.
U n d e r  th e se  c o n d itio n s  a la rg e  b o d y  o f  w a te r  w ill be stab le  fo r  lo n g e r  th a n  a sm a ll 
a m o u n t. I t  h a s  b e e n  su g g ested  th a t  ice co u ld  fo rm  o n  th e  su rface , c re a tin g  a m o re  s tab le  
e n v iro n m e n t fo r  th e  w a te r  tra p p e d  b e lo w  (W a lla c e  an d  S ag an , 1979). H o w e v e r , th e  
m o d e ls  o f  H a b e r le  e t al., (2001a) su g g est th a t  o n ly  th in  f ilm s  o f  w a te r  w ill  b e  lik e ly  to  
fo rm . T h is  is su p p o rte d  b y  s tu d ie s  o f  f re e z in g  p o in t  d e p re ss io n  e ffe c ts  su c h  as th o s e  o f  
S iz e m o re  e t al., (2014) w h ic h  su g g est th a t  th a w in g  w o u ld  be lim ite d  to  th in  f i lm s  e v e n  
u n d e r  th e  m o s t fa v o u ra b le  o f  c o n d itio n s .
T h e  a v a ila b ility  o f  u n f ro z e n  w a te r  w i th in  th e  so il c o lu m n  is o n e  o f  th e  m o s t  c r it ic a l  
fac to rs . I f  th e  so il freezes  to o  q u ic k ly  th e n  a f ro z e n  fr in g e  w ill  n o t  d ev e lo p  a n d  i f  th e re
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is in s u f f ic ie n t w a te r  w i th in  th e  ac tiv e  la y e r to  b e g in  w i th  th e n  ice seg reg a tio n  w ill be 
u n lik e ly  to  p ro d u ce  a la rg e  len s . C o n se q u e n tly , o n e  o f  th e  m o s t im p o r ta n t  fa c to rs  w h e n  
co n s id e r in g  p e rig lac ia l p ro cesses  o n  M a rs  is th e  a b ili ty  fo r  th a w in g  to  ta k e  place.
3.3.3 C lim a tic  V a r ia t io n s
A lth o u g h  liq u id  w a te r  is o n ly  m e ta s ta b le  a t th e  m a r t ia n  su rface  (e.g . H e c h t, 2002), th is  
does n o t  ru le  o u t  a p e rig lac ia l e x p la n a tio n  fo r  th e  lan d scap e  o f  M a rs ’ n o r th e rn  p la in s . 
I t  is p o ssib le  th a t  th e se  fe a tu re s  co u ld  ( i)  be  e x am p le s  o f  a re lic t pe rig lac ia l 
e n v iro n m e n t w h ic h  fo rm e d  d u r in g  a p e rio d  w h e n  th e  c lim a te  w as  w a rm e r  an d  w e tte r  
d u r in g  th e  su m m e r, (ii)  fo rm  o n ly  in  lo ca lised  m ic ro c lim a te s , ( i ii)  o ccu r o n ly  in  p laces 
w h e re  th e  p re se n c e  o f  c o n c e n tra te d  sa lts  in  th e  n e a r  su rface  d ep resses  th e  fre e z in g  p o in t 
o f  w a te r  su ff ic ie n tly  to  b r in g  it in  lin e  w i th  a m b ie n t m a r t ia n  te m p e ra tu re s , o r ( iv )  
o c c u r o n ly  in  p laces w h e re  seaso n a l w a rm in g  causes th e  su rface  te m p e ra tu re  to  rise  
ab o v e  th e  f re e z in g  p o in t  d u r in g  th e  w a rm e s t p a r ts  o f  th e  year.
3.3.4 T h a w  a t  H ig h e r  O b liq u i ty
I t  is p o ss ib le  th a t  th e  la n d fo rm s  b e in g  e x a m in e d  are  th e  re su lts  o f  p e rig lac ia l p rocesses, 
b u t  th a t  th e y  a re  re lic t la n d fo rm s  w h ic h  fo rm e d  w h e n  d if fe re n t c lim a tic  c o n d itio n s  
p re v a ile d . I t  is k n o w n  th a t  th e  o b liq u ity  o f  M a rs  h a s  v a rie d  s ig n if ic a n tly  o v e r tim e  
(L a sk a r  e t al., 2004). T h e  c u r re n t  o b liq u ity  is m u c h  lo w e r th a n  it  w as  in  p rev io u s  
ep o ch s. T h is  re su lts  in  a lo w e r m e a n  in so la tio n  a t m id  to  h ig h  la ti tu d e s  an d  w ill h av e  
a n  e ffe c t o n  th e  p la n e t’s m e a n  su rface  te m p e ra tu re  as a fu n c tio n  o f  la ti tu d e  (L ask a r e t 
a l., 2004; M isc h n a  e t al., 2003). F ig u re  3.3 sh o w s th e  v a r ia tio n  in  o b liq u ity  o v e r th e  las t 
20 M a  p re d ic te d  b y  L ask ar e t al., (2004)
D u r in g  p e r io d s  o f  h ig h e r  o b liq u ity  th e  c lim a te  w o u ld  h a v e  b e e n  w a rm e r, an d  w a te r  
w o u ld  h a v e  b e e n  less u n s ta b le  across la rg e r  a reas  o f  th e  su rface . I t  h a s  b e e n  suggested
th a t  so m e o b se rv ed  la n d fo rm s  w h ic h  w o u ld  re q u ire  th e  a c tio n  o f  l iq u id  w a te r  co u ld  
h av e  b e e n  fo rm e d  a t th is  t im e  (e.g . C o s ta rd  e t al., 2002). K re s la v sk y  e t al., (2008) 
su g g ests  th a t  i t  w o u ld  h av e  b een  p o ssib le  fo r  a n  ac tiv e  la y e r  to  fo rm  a t  h ig h  la ti tu d e s  
an d  o n  po le  fac in g  slopes d u r in g  a p p ro x im a te ly  20% o f  h ig h  o b liq u ity  e x c u rs io n s  
b e tw e e n  5 a n d  10 M a . H o w e v e r  th e y  co n c lu d e  th a t  su ch  e n v iro n m e n ts  h a v e  n o t  fo rm e d  
fo r  u p  to  fiv e  M a.
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Figure 3.3: Variations in the obliquity o f Mars over the last 20 Ma. (From: Laskar et ah, 
2004).
W h ile  fo rm a tio n  a t h ig h e r  o b liq u ity  cou ld  a c c o u n t fo r  th e  p re se n c e  o f  so m e  p e r ig la c ia l 
fe a tu re s  o n  M a rs  i t  is n o t  a p e rfe c t so lu tio n . M a n y  p e rig lac ia l fe a tu re s  a re  e q u il ib r iu m  
la n d fo rm s , o n ly  re m a in in g  s tab le  u n d e r  spec ific  e n v iro n m e n ta l  c o n d itio n s . S u c h  
la n d fo rm s  h a v e  re la tiv e ly  sh o r t  life  sp an s  an d  w o u ld  be e x p e c te d  to  u n d e rg o  
c o n sid e rab le  d e g ra d a tio n  o v e r  th e  co u rse  o f  sev e ra l m illio n  y e a rs . P in g o s , fo r  e x a m p le , 
a re  d e p e n d e n t o n  th e  fro z e n  ice a t th e ir  co re  to  m a in ta in  th e i r  sh ap e . C h a n g e s  in  
te m p e ra tu re  o r  d e g ra d a tio n  o f  th e  in su la tin g  so il c o v e r re s u l t  in  th e  m e ltin g , o r  
su b lim a tio n  o f  th is  ice an d  th e  co llapse  o f  th e  f ro s t m o u n d  to  fo rm  a “p in g o  sc a r” .
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O v e r  th e  co u rse  o f  sev e ra l m ill io n  y ea rs  th e  ice w i th in  a re lic t p in g o  w o u ld  be ex p ec ted  
to  s lo w ly  su b lim a te  w h e re  it  is n o t  co v ered  b y  a th ic k  la y e r o f  re g o lith . T h is  w ill re su lt 
in  th e  co llap se  o f  th e  fro s t m o u n d . C o n se q u e n tly , i f  m a r t ia n  fe a tu re s  re se m b lin g  fre sh  
te r re s tr ia l  p in g o s  w ere  fo rm e d  th ro u g h  th a t  m e c h a n ism  th e n  th e y  are  lik e ly  to  be 
g eo lo g ica lly  y o u n g . T h is  is t ru e  o f  m a n y  o th e r  su rface  e x p re ss io n s  o f  th e  p e rig lac ia l 
e n v iro n m e n t.  S m a ll scale fe a tu re s  su ch  as so rte d  p a tte rn e d  g ro u n d  a n d  so lif lu c tio n  
lo b es w o u ld  be ex p ec ted  to  u n d e rg o  c o n sid e rab le  e ro s io n  i f  th e y  a re  n o  lo n g e r be in g  
m a in ta in e d  b y  p e rig lac ia l p ro cesses . E v e n  w i th  th e  lo w  e ro s io n  ra te s  o n  M a rs  
(G o lo m b e k  an d  B ridges, 2000) th e re  is a l im it  to  h o w  lo n g  su ch  fe a tu re s  can  en d u re  
th ro u g h  g eo log ica l tim e .
I t  is d if f ic u lt  to  d a te  sm a ll scale fe a tu re s  su ch  as th e se , s ince  d e te rm in in g  a re la tiv e  
c h ro n o lo g y  b ased  o n  th e  size  f re q u e n c y  d is tr ib u tio n s  o f  im p a c t c ra te rs  re q u ire s  an  
e x te n s iv e  a rea . H o w e v e r  so m e fe a tu re s , su ch  as m a n y  o f  th e  c o n tra c tio n  c rack  p o ly g o n s  
o f  th e  N o r th e r n  P la in s , do  ap p e a r to  be y o u n g  since  th e y  su p erp o se  im p a c t c ra te rs  an d  
in  so m e  cases h av e  fo rm e d  o n  th e  su rfaces  o f  d u n es . G u llie s  are  a lso  b e liev ed  to  be v e ry  
y o u n g  (L e v y  e t al., 2011; L evy  e t al., 2009). T h is  w o u ld  seem  to  su g g est th a t  th a w in g  can  
a n d  d o es o c c u r  u n d e r  th e  c u r re n t te m p e ra tu re  a n d  p re ssu re  reg im e  (M a rc h a n t an d  
H e a d , 2007).
3.3.5 P e rig la c ia l M ic ro c lim a te s
A n o th e r  p o ss ib il i ty  is th a t  p e rig lac ia l p ro cesses  are  o c c u rrin g  in  th e  p re se n t day , b u t  
o n ly  in  a ty p ic a l e n v iro n m e n ts . I t  is p o ssib le  th a t  v a r ia tio n s  in  c lim a te  re su lt  in  iso la ted  
a rea s  w h e re  h ig h e r  p re ssu re  a n d  te m p e ra tu re  can  be fo u n d ; p o ss ib ly  d u e  to  to p o g ra p h ic  
c o n s tra in ts . A  s ite  w i th  h ig h e r  th a n  av erag e  in so la tio n , o r local v o lc a n ism , m ig h t 
re ce iv e  th e  a d d itio n a l e n e rg y  n eed ed  to  m e lt g ro u n d  ice (C a b ro l a n d  G rin , 2002). 
H o w e v e r , e v e n  i f  te m p e ra tu re s  ca n  rise  above fre e z in g  in  a reas  w h ic h  rece ive  large
a m o u n ts  o f  in so la tio n , th is  w ill o n ly  o ccu r fo r  lim ite d  p e rio d s  o f  t im e  d u r in g  th e  
w a rm e s t h o u rs  o f  th e  d a y  (H a b e r le  e t al., 2001; K res lav sk y  e t al., 2008; R ic h a rd so n  an d  
M isc h n a , 2005).
T h e  m a in  p ro b le m  w i th  th is  h y p o th e s is  is th a t  a m ic ro c lim a te  w ill n e e d  to  re m a in  
stab le  fo r  lo n g  p e rio d s  o f  t im e  in  o rd e r  to  p ro d u ce  d is tin c t p e rig la c ia l la n d fo rm s ; i t  can  
ta k e  u p  to  f if ty  y e a rs  o f  freeze  th a w  cy c lin g  fo r  so rted  p a tte rn e d  g ro u n d  to  em erg e  
(B a lla n ty n e  a n d  M a tth e w s , 1982). T h e i r  d e v e lo p m e n t re q u ire s  te n s  to  h u n d re d s  o f  
freeze  th a w  cycles a n d  i f  th e  c o n d itio n s  fo r  th a w  are  o n ly  o c c u rr in g  as p a r t  o f  a v e ry  
ra re  e v e n t th e n  it  w ill be  d if f ic u lt  fo r  e n o u g h  freeze  th a w  cyc les to  o c c u r  to  p ro d u c e  a 
n o tic e a b le  p a tte rn .
3.3.6 F re e z in g  P o in t  D e p re s s io n
A n o th e r  scen a rio  w h ic h  w o u ld  a llo w  fo r  th e  fo rm a tio n  o f  p e rig la c ia l fe a tu re s  in  th e  
p re se n t d a y  is th e  d e p re ss io n  o f  th e  fre e z in g  p o in t. B rin es  fre e z e  a t c o n s id e ra b ly  lo w e r  
te m p e ra tu re s  th a n  p u re  w a te r  an d  v a r io u s  “c ry o b r in e s” h a v e  b e e n  d e m o n s tra te d  to  
d ep re ss  th e  f re e z in g  p o in t  su ff ic ie n tly  to  a llo w  fo r th a w  to  o c c u r a t a m b ie n t  m a r t ia n  
c o n d itio n s  (M o h lm a n n  a n d  T h o m s e n , 2011; M o h lm a n n , 2011).
T h e re  is co n sid e rab le  ev id en ce  fo r  th e  p re sen ce  o f  c o n c e n tra te d  b r in e s  o n  M a rs  (e .g . 
M o h lm a n n  an d  T h o m s e n , 2011; T o sc a  e t al., 2011). B rin es  in  w h ic h  sa lts  c o m p rise  30 
p e rc e n t o f  th e  so lu tio n  b y  w e ig h t h a v e  b e e n  fo u n d  to  be s tab le  b e tw e e n  180 a n d  210 K 
(M a rc h a n t an d  H e a d , 2007). T h is  w o u ld  p o te n tia lly  a llo w  th e s e  so lu tio n s  to  o c c u r  in  
th e  liq u id  p h a se  o n  th e  su rface  a n d  in  th e  sh a llo w  su b su rfa c e  o f  M a rs  o v e r  a m u c h  
w id e r  la t i tu d in a l  ran g e  th a n  p u re  w a te r . A  v a r ie ty  o f  b r in e s  w i th  s u f f ic ie n tly  lo w  
e u te c tic  p o in ts  h av e  b e e n  d esc rib ed  b y  M o h lm a n n  a n d  T h o m s e n  (2011). T h e y  p ro p o se d  
a v a r ie ty  o f  sa lts , in c lu d in g  c h lo ra te s , ch lo rid es , su lp h a te s  a n d  c a rb o n a te s  w i th  e u te c tic  
te m p e ra tu re s  b e tw e e n  200 an d  270 K.
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O f  p a r t ic u la r  in te re s t are  p e rc h lo ra te s  w h ic h  w ere  d e te c te d  a t th e  la n d in g  s ite  o f  
N A S A ’s P h o e n ix  la n d e r  in  2008 (C u ll  e t al., 2010; G o u g h  e t al., 2011; H e c h t e t al., 2009; 
N a v a r ro -G o n z a le z  e t al., 2010). N a tu ra l ly  fo rm in g  p e rc h lo ra te  sa lts  a re  ra re  o n  E a rth , 
b u t  m a y  be m o re  c o m m o n  o n  M a rs  th a n  p re v io u s ly  th o u g h t  (C u ll  e t al., 2010; G o u g h  et 
al., 2011; H e c h t  e t al., 2009; N a v a rro -G o n z a le z  e t al., 2010).
T h is  d isc o v e ry  re su lte d  in  a n  in c rea sed  in te re s t  in  th e  p o ss ib ility  o f  liq u id  b r in e s  in  th e  
n e a r  su b su rface . E v en  lo w  c o n c e n tra tio n s  o f  p e rc h lo ra te  ca n  cause co n sid e rab le  
fre e z in g  p o in t  d e p re ss io n  as sh o w n  in  th e  p h ase  d ia g ra m  fo r  M a g n e s iu m  P e rc h lo ra te  
( M g ( C 104) 2) w h ic h  h as  a e u te c tic  te m p e ra tu re  close to  200 K.
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Figure 3.4: Phase diagram for Magnesium Perchlorate.
T h e  fre e z in g  p o in t  d e p re ss io n  d u e  to  th e  p resen ce  o f  ev en  a re la tiv e ly  sm a ll a m o u n t o f
m a g n e s iu m  p e rc h lo ra te  co u ld  be su ff ic ie n t to  a llo w  th e  fo rm a tio n  o f  a pe rig lac ia l
e n v iro n m e n t  u n d e r  M a r t ia n  te m p e ra tu re  c o n d itio n s  (C h e v r ie r  e t al., 2009; M a r io n  et
al., 2010; R o b e rtso n  a n d  B ish , 2011). A  ran g e  o f  c ry o b rin e s  w h ic h  cou ld  be s tab le  u n d e r
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m a r tia n  c o n d itio n s  h a v e  sin ce  b e e n  p ro p o sed  as i llu s tra te d  in  T a b le  3.1 (M o h lm a n n  a n d  
T h o m se n , 2011).
Table 3.1: Eutectic temperatures and compositions o f a variety o f brines that m ight be 
stable under martian temperature and pressure conditions, (from M ohlmann and 
Thom sen (2011) and references therein).
Brine Eutectic temperature, Eutectic composition
0 0 (0/0)
Ice + N a 2S 0 4 10 H zO 271 3.8 N a 2S 0 4
Ice + K 2S O  H 20 271 7.1 K 2S 0 4
Ice + M g S 0 4n  H 20 269 17 M g S 0 4
Ice + K 2S 0 4 H zO  + K C 1 261 0.9 K 2S 0 4, 19.5 K C 1
Ice + N a C l 2H 20 251 23.3 N a C l
Ice + N a 2S 0 4 10 H zO  + N a C l 2H 20 251 0.12 N a 2S 0 4, 22.8 N a C l
Ice + N a C l 2 H zO  + K C 1 250 20.2 N a C l, 5.8 K C 1
Ice  + Fe2(S 0 4) 3 247 39 Fe2( S 0 4) 3
Ice + M g C l2 12 H zO 239-5 21.0 M g C l2
Ice + M g C l2 12 H 20  + K C 1 239 21.0 M g C l2, 1.2 K C 1
Ice + M g C l2 12 H 20  + N a C l  2H zO 238 22.7 M g C l2, 1.6 N a C l
Ice + M g C l2 12 H 20  + K C 1 238 22.? M g C l2, 2.? K C 1
Ice  + M g C l2 12 H 20  + M g S 0 4 7 H zO 238 20.8 M g C l2, 1.6 M g S 0 4
Ice + N a C 104 2H zO 236 (±1) 52 N a C 104
Ice + C a C l2 6 H zO 223 30.2 C a C l2
Ice + C a C l2 6 H zO  + K C 1 221 29.3 C a C l2, 1 K C 1
Ice  + C a C l2 6H 20  + N a C l  2H zO 221 29.0 C a C l2, 1.5 N a C l
Ice + C a C l2 6 H zO  + M g C l2 i2H 20 218 26.0 C a C l2, 5 M g C l2
Ice + M g (C 104) 2 212 (±1) 44 M g C 104
Ice + L iC l 207 24.4 L iC l
Ice + Fe2(S 0 4) 3 205 (±1) 48 (±2) F e2(S 0 4) 3
Ice + L il 204 48.2 L il
Ice + L iB r 201 39.1 L iB r
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3.3*7 F o rm a tio n  o f  C ry o b r in e s
I t  h a s  b een  d e m o n s tra te d  th a t  sm all q u a n tit ie s  o f  b r in e  can  fo rm  th ro u g h  b u lk  
d e liq u escen ce  (F isc h e r  e t al., 2014; M o h lm a n n  a n d  T h o m s e n , 2011). W h e n  h u m id ity  
rise s  sa lt d e p o s its  abso rb  w a te r  v a p o u r  f ro m  th e  a tm o sp h e re  w i th  th e  re su lt th a t  th e  sa lt 
d isso lv es , fo rm in g  liq u id  b r in e . T h is  p ro cess  can  o n ly  ta k e  p lace  w h e n  th e  p a r tia l 
p re ssu re  o f  w a te r  in  th e  a ir  is su ff ic ie n tly  h ig h  to  a llo w  d is so lu tio n  to  occur. H u m id i ty  
o n  M a rs  is g e n e ra lly  v e ry  low . W h ile  su p e r s a tu ra tio n  c o n d itio n s  can  o ccu r u n d e r  
c e r ta in  c o n d itio n s  (e.g . M a lta g lia ti  e t al., 2011) th e re  is u su a lly  lim ite d  p o te n tia l  fo r  
d is so lu tio n  to  occur. In  a d d itio n  to  th is  th e  su rface  te m p e ra tu re  does n o t  f re q u e n tly  rise  
above  th e  e u te c tic  te m p e ra tu re s  o f  so m e c ry o b rin es .
C o n se q u e n tly , i t  h a s  b e e n  th o u g h t th a t  d e liq u escen ce  cou ld  o n ly  ta k e  p lace  u n d e r  
u n u s u a l  c o n d itio n s  a n d  th a t  it  m ig h t  n o t  o ccu r fa s t e n o u g h  to  a llo w  la rg e  v o lu m e s  o f  
b r in e  to  fo rm . H o w e v e r  it  h a s  b e e n  d e m o n s tra te d  th a t  b r in e s  can  fo rm  m u c h  m o re  
ra p id ly  in  c irc u m sta n c e s  w h e re  ice is p re s e n t as a n  a d d itio n a l sou rce  o f  w a te r  once  
d e liq u escen ce  fro m  th e  a tm o sp h e re  tr ig g e rs  b r in e  p ro d u c tio n  (F isc h e r  e t al., 2014).
It seems likely that liquid droplets observed by the Phoenix lander were concentrated 
cryobrines form ed in th is m anner. Also, m uch of the northern  plains of M ars contain 
ice at shallow depths, so pore-spaces in M ars’ near-surface regolith will probably have a 
m uch higher hum idity  than  the atm osphere im m ediately above the surface.
T h e  P h o e n ix  la n d in g  s ite  c o n ta in s  n u m e ro u s  c o n tra c tio n  c rack  p o ly g o n s  o f  th e  so rt 
d e sc rib ed  in  S e c tio n  2.4.6. T h e se  fe a tu re s  a re  m o re  lik e ly  to  h a v e  d ev e lo p ed  th ro u g h  a 
c o m b in a tio n  o f  th e rm a l c o n tra c tio n  c rack in g  a n d  su b lim a tio n , r a th e r  th a n  b y  th a w , b u t 
it  sh o u ld  be n o te d  th a t  s im ila r  s tru c tu re s  a re  c o m m o n  in  te r re s tr ia l  p e rig lac ia l 
e n v iro n m e n ts . E x c a v a tio n s  b y  th e  P h o e n ix  la n d e r  fo u n d  th e  g ro u n d  in  th a t  re g io n  to  
la rg e ly  c o n s is t o f  ice c e m e n te d  so ils w h e re  th e  p o res  w e re  filled  w ith  ice. T h e y  also
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u n c o v e re d  so m e  e x am p les  o f  excess ice, w h ic h  cou ld  be ev id en ce  o f  ice len s  se g re g a tio n  
(M e llo n  e t al., 2009; S iz e m o re  e t al., 2014). T h e  fo rm a tio n  o f  b r in e s  in  th is  so r t o f  
e n v iro n m e n t co u ld  p o te n tia l ly  tr ig g e r  th e  fo rm a tio n  o f  an  a c tiv e  la y e r i f  la rg e  e n o u g h  
q u a n tit ie s  o f  b r in e  w ere  to  fo rm .
3.3.8 Q u a n t i ty  o f  b r in e s
F ro s t h e a v in g  is m o s t e ffe c tiv e  w h e n  th e  vo id  space is sa tu ra te d  w i th  w a te r  th ro u g h o u t  
th e  f ro z e n  fr in g e  (C h a m b e r la in , 1981). T h is  is v e ry  u n lik e ly  to  be th e  case i f  liq u id  
w a te r  e x is ts  o n ly  in  th e  fo rm  o f  th in  f ilm s  o f  b r in e  (M e llo n  e t al., 2009; S iz e m o re  e t al., 
2014). H o w e v e r , ice len s  in i t ia t io n  can  o ccu r in  c irc u m sta n c e s  w h e re  re la tiv e ly  l i t t le  
w a te r  is av a ilab le . S iz e m o re  e t al., (2014) h a v e  d e m o n s tra te d  th a t  s in ce  th e  p ro cesses  
re sp o n s ib le  fo r  ice len s  in i t ia t io n  are  o c c u rr in g  o n  a v e ry  sm a ll scale  th e y  ca n  be 
in itia te d  in  th e  p re sen ce  o f  th in  f ilm s  o f  liq u id  w a te r .
3.3.9 R ed u ced  f ro s t  h e a v in g  in  sa lin e  so ils.
T h e  p re sen ce  o f  c o n c e n tra te d  sa lts  w i th in  a so il’s p o re  w a te r  d o es n o t  ju s t  a ffe c t th e  
fre e z in g  p o in t b u t  a lso  th e  w a y  in  w h ic h  f re e z in g  occu rs. T h is  m a y  h a v e  a d e tr im e n ta l  
e ffec t o n  th e  d e v e lo p m e n t o f  so rte d  s tru c tu re s . A lth o u g h  re g u la r  f re e z in g  a n d  th a w in g  
m a y  ta k e  p lace  u n d e r  m a r t ia n  c o n d itio n s , th e  ac tu a l f ro s t  h e a v in g  a n d  so r tin g  p ro cesse s  
do  n o t  re s u lt  f ro m  th e  v o lu m e tr ic  in c rease  w h ic h  w a te r  u n d e rg o e s  u p o n  f re e z in g  b u t  
r a th e r  f ro m  th e  p h y s ic a l a c c u m u la tio n  o f  ice c ry s ta ls  in to  len se s  w i th in  th e  u p p e r  p a r t  
o f  th e  soil. W h e n  sa lin e  w a te r  freezes  th e  so lu te s  a re  n o t  in c o rp o ra te d  in to  th e  ice b u t 
ra th e r  re m a in  w i th in  th e  u n f ro z e n  fra c tio n . A s m o re  ice fo rm s  th e  re m a in in g  liq u id  
beco m es in c re a s in g ly  sa lin e  u n t i l  s a tu ra t io n  occu rs.
T h e  p re sen ce  o f  th is  u n f ro z e n  f ra c tio n  c h an g es  th e  d e p th  o f  th e  u n f ro z e n  f r in g e  a n d  
im p ed es  th e  fo rm a tio n  o f  c o h e re n t ice s tru c tu re s  su ch  as th e  len se s  re q u ire d  fo r  f ro s t
h e a v in g . R a th e r  th a n  f re e z in g  in to  a d en se  m ass , ice c ry s ta ls  are  fo u n d  to  fo rm  loose 
s tru c tu re s  se p a ra ted  b y  c h a n n e ls  o f  u n f ro z e n  b r in e  (A re n so n  an d  Sego, 2006). 
C h a m b e r la in  (1983) fo u n d  th a t  fro s t h e a v in g  w as  red u ced  b y  as m u c h  as 500/0 in  soils 
sa tu ra te d  w i th  seaw a te r, re la tiv e  to  th o se  c o n ta in in g  p u re  w a te r .
A reduction in the size of the ice lenses was also observed, since m any small ice lenses 
form , each at a different depressed freezing point, rather there being a single freezing 
site. M any small lenses developed at a variety of accum ulation sites throughout an 
enlarged frozen fringe, but large coherent ice lenses were absent. T his reduction in frost 
heaving could have a significant effect on the developm ent of sorted structures, 
particularly if  the very concentrated brines required to facilitate thaw  under m artian  
conditions have a proportionally greater effect on the reduction of heaving.
3.3.10 F ro s t-su sc e p tib ility
T h e  o th e r  m a jo r  fa c to r  th a t  m u s t be c o n sid e red  is th e  deg ree  to  w h ic h  m a r t ia n  so ils are  
su ita b le  fo r  f ro s t  h e a v in g  in  th e  f ir s t  p lace. S om e so ils are  m o re  fro s t-su sc e p tib le  th a n  
o th e rs  a n d  u n d e rg o  m o re  h e a v in g  as a re su lt  o f  f ro s t a c tio n  th a n  n o n -fro s t-su sc e p tib le  
m a te r ia ls . C o n se q u e n tly , th e  p ro p o r tio n  o f  f ro s t-su sc e p tib le  m a te r ia l  a t th e  site  w ill be 
c ritic a l in  d e te rm in in g  th e  re sp o n se  o f  th e  so il to  fre e z in g . T h e  d if fe re n tia l  h e a v in g  
b e tw e e n  re g io n s  o f  s tro n g ly  fro s t-su sc e p tib le  so il an d  re g io n s  c o n ta in in g  m o re  s to n y  
m a te r ia l  is v ita l  in  tr ig g e r in g  la te ra l so rtin g  p ro cesses  (M a tsu o k a  e t al., 2003).
F in e  g ra in e d  so ils a re  m o re  fro s t-su sc e p tib le  th a n  coarse  g ra in e d  m a te r ia l  b ecause  
c a p illa ry  fo rces  are  re sp o n s ib le  fo r  d ra w in g  w a te r  th ro u g h  th e  fro z e n  fr in g e  to  an  
a c c u m u la tin g  ice len s  (C h a m b e r la in , 1981; K o n rad , 1989a). T h is  m e a n s  th a t  w a te r  
tr a n s f e r  w ill o ccu r p re fe re n tia lly  in  sm a lle r  p o re  spaces, re su ltin g  in  m o re  w a te r  
a c c u m u la tin g  a t th e  ice len ses  a n d  a la rg e r deg ree  o f  h e a v in g . In  soils w ith  la rg e  p o re  
spaces th e  f re e z in g  f ro n t  w ill p ro p a g a te  m u c h  fa s te r  p re v e n tin g  th e  re d is tr ib u tio n  o f
l iq u id  w a te r  w i th in  th e  soil. P e rig lac ia l p ro cesses  a re  f re q u e n tly  fo u n d  in  co ld  c lim a te  
re g io n s  w h e re  s il ty  so ils d o m in a te . S ilts  h a v e  fre q u e n tly  b een  u sed  in  s tu d ie s  b y  
v a r io u s  a u th o rs  to  s im u la te  th e se  p ro cesses  (K o n ra d  a n d  N ix o n , 1994; K o n rad , 1989a, 
1989b; P e n n e r  an d  G o o d ric h , 1981; P e n n e r , 1986).
G ra in  size  d is tr ib u tio n  is f r e q u e n tly  u sed  to  d e fin e  th e  l im its  o f  a so il’s f ro s t 
su sc e p tib ility  (C h a m b e r la in , i9 8 i) .T h e  d is tr ib u tio n  o f  d if fe re n tly  s ized  m a te r ia ls  
c o n tro ls  th e  v o lu m e  o f  p o re  space a n d  its  in te rc o n n e c te d n e ss , so th e  p e rc e n ta g e  o f  a so il 
b e lo w  a spec ific  g ra in  size  can  be u sed  to  d e te rm in e  h o w  lik e ly  it  is to  e x h ib it  h e a v in g . 
A  fin e  g ra in e d  so il w ill c o n ta in  m a n y  v e ry  sm a ll p o re  spaces w h e re a s  o n e  c o m p o sed  o f  
c o a rse r  m a te r ia l  w ill  h a v e  few er, la rg e r  p o res . T h e  fo rm e r  is m o re  c o n d u c iv e  to  f ro s t 
h e a v in g .
A  so il c o n ta in in g  n o  m a te r ia l  sm a lle r  th a n  74 p m  w ill n o t  e x h ib it  f ro s t  h e a v in g  
(C a sa g ra n d e , 1931; C h a m b e rla in , 1981; T a b e r , 1929). C a sa g ra n d e ’s c r ite r ia  fo r  f ro s t  
s u sc e p tib ility  is o n e  o f  th e  m o s t c o m m o n ly  used . I t  re q u ire s  a n  a s se s sm e n t o f  th e  
p e rc e n ta g e  o f  g ra in s  sm a lle r  th a n  20 p m  a n d  th e  u n ifo rm ity  o f  th e  soil. T h e  u n ifo rm ity  
c o e ff ic ien t is a p a ra m e te r  d e fin e d  b y  th e  ra tio  o f  th e  d ia m e te rs  o f  p a r tic le s  c o m p ris in g  
th e  io°/o a n d  600/0 f ra c tio n s  o f  th e  soil. In  so ils  w i th  a lo w  u n ifo rm ity ,  in  ex cess  o f  th re e  
p e rc e n t o f  g ra in s  m u s t  b e  sm a lle r  th a n  20 p m  in  o rd e r  fo r  ice se g re g a tio n  to  o ccu r. I n  a 
m o re  u n ifo rm  soil, 10% o f  g ra in s  sm a lle r  th a n  20 p m  are  re q u ire d  (C a sa g ra n d e , 1931; 
C h a m b e r la in , 1981). C o n se q u e n tly , a so il w h e re  a s ig n if ic a n t f ra c t io n  c o n s is ts  o f  f in e  
g ra in e d  san d  a n d  s ilt  w ill be  lik e ly  to  a llo w  f ro s t  h e a v in g .
3.3.11 T h e  f ro s t  su sc e p tib ili ty  o f  m a r t ia n  so ils
In  order to assess w hether periglacial processes are likely on M ars it is necessary to 
determ ine w hether the soils in w hich they  would be form ing are frost-susceptible. As 
discussed in the preceding section, frost susceptibility can be estim ated based on the
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grain size distribution of the soil. T his inform ation is only available for a few sites on 
M ars where landers and rovers have conducted exam inations of the local soil 
properties.
Each of these m issions provides a snapshot view of the conditions at a specific site. 
A lthough the M ars Exploration Rovers have traversed a great distance since landing on 
M ars their observations still only cover an extrem ely small area of the planet. 
Sim ilarities in some soil properties betw een these sample sites suggest that some 
surficial m aterials, particularly those composed of w indblow n dust, are probably global 
in extent. H ow ever it is possible that conditions could differ dram atically in unusual 
places w hich have yet to be explored.
Both V iking landers observed patches o f fine grained drift m aterial overlying blocky or 
cloddy m aterial. The blocky m aterial was believed to be sim ilar to dry terrestrial soils, 
though w ith  lower cohesion, as it quickly disaggregated w hen sieved (A rvidson et al., 
1989; M oore et al., 1987; Stoker et al., 1993). These blocky m aterials were consequently, 
interpreted to be form ed of clay-sized particles cem ented together by salts to form  a 
m ore cohesive soil. It was concluded tha t w ater played an im portant role in cem enting 
m ixtures o f aeolian emplaced dust and w eathered fragm ents o f the underlying bedrock 
(M oore et al., 1987). T his conclusion is supported by m ore recent observations of 
m artian  brines at the Phoenix landing site (Cull et al., 2010; H echt et al., 2009).
T h e  m a jo r i ty  o f  th e  so ils sam p le d  b y  th e  V ik in g  lan d e rs  w e re  fo u n d  to  c o n s is t o f  s ilt to  
c la y -s iz e d  p a rtic le s  b u t  m u c h  o f  th is  f in e  g ra in e d  m a te r ia l  ap p ears  to  co h e re  to  fo rm  
c lo d s a few  m illim e tre s  in  d ia m e te r  (M o o re  e t al., 1987). S an d -s ized  g ra in s  a t th e se  sites  
m a y  be th e  re su lt o f  th e  p re se n c e  o f  th is  c e m e n te d  f in e  g ra in ed  m a te r ia l  (A rv id s o n  e t 
al., 1989). T h is  p ro cess  co u ld  red u ce  th e  fro s t su sc e p tib ility  o f  th e  soil, as th e  c e m e n te d
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f in e  g ra in e d  m a te r ia l  co u ld  h a v e  a la rg e r  e ffec tiv e  g ra in  size  th a n  w o u ld  n o rm a lly  be 
th e  case.
F in e  g ra in e d  m a te r ia l  w as  in te rp re te d  as w in d b lo w n  d u st, s im ila r  to  te r re s tr ia l  loess 
(M o o re  e t al., 1987). T h e  fa c t th a t  s im ila r  ch e m ic a l p ro p e r tie s  w e re  fo u n d  a t b o th  
V ik in g  la n d in g  s ite s  su g g ests  th a t  th e re  is a g lo b a lly  u n ifo rm  so il lay er, p ro b a b ly  
em p laced  b y  aeo lian  a c t iv i ty  (S to k e r  e t al., 1993). T h is  fo rm s  a g loba l m a n tle  o v e r 
w h a te v e r  u n d e r ly in g  so ils m a y  be p re se n t. T h e  m e a n  p a r tic le  size  fo r  w in d b lo w n  d u s t 
o n  M a rs  is b e liev ed  to  be less th a n  2 p m  (A lle n  e t al., 1998; P o llack  e t al., 1995). 
C o n se q u e n tly , th is  m a te r ia l  co u ld  in tro d u c e  a f ro s t-su sc e p tib le  c o m p o n e n t in to  
u n d e r ly in g  soils. H o w e v e r , i t  is u n c e r ta in  w h e th e r  i t  w ill be  p re se n t in  su ff ic ie n t 
q u a n tit ie s  to  do so a t a n y  g iv e n  site .
T h e  M a rs  E x p lo ra tio n  R o v ers  a lso  o b se rv ed  b r ig h t  d u s t, w h ic h  w as  p re se n t a t b o th  
ro v e r  la n d in g  sites, a n d  so is lik e ly  to  be p a r t  o f  a g loba l u n i t  (Y e n  e t al., 2005), s im ila r  
f in d in g s  f ro m  M a rs  P a th f in d e r  (M c S w e e n  an d  K eil, 2000) a n d  g lo b a l sp ec tro sco p ic  
s tu d ie s  su p p o rt th is  h y p o th e s is  (R u ff, 2002).
O b se rv a tio n s  b y  th e  S p ir it  ro v e r  in  th e  a rea  a ro u n d  G u se v  C ra te r  sh o w e d  a v a r ie ty  o f  
f in e  to  m e d iu m  g rad e  san d s, m o s t lik e ly  h a v in g  b e e n  em p laced  b y  a e o lia n  p ro cesses . 
C o a rse r  g ra in e d  so ils  w e re  in te rsp e rse d  w i th  v e ry  f in e  g ra in e d  “f lo u r  lik e ” m a te r ia l, 
fo rm in g  u n s tru c tu re d  so ils. E x c a v a tio n  b y  th e  ro v e r  w h ee ls  c o n f irm e d  th a t  a re la tiv e ly  
th in  lay e r o f  a e o lian  d u s t co v ered  w e a th e re d  b ed ro c k  m a te r ia l  f ro m  w h ic h  th e  la rg e r 
c la s ts  o r ig in a te d  (C a b ro l e t al., 2014). A s  a t th e  V ik in g  la n d in g  s ite s , ag g reg a te s  w e re  
fo u n d  c o n s is tin g  o f  c lu m p s  o f  f in e r  g ra in e d  m a te r ia l.
C o n se q u e n tly , th e re  is a rea so n ab le  p ro b a b ili ty  th a t  a g iv e n  area  o n  M a rs  w ill  e x h ib it  
fro s t-su sc e p tib le  so ils, a lth o u g h  it  w o u ld  be im p o ss ib le  to  be c e r ta in  w i th o u t  so il
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sam p les  w h ic h  cou ld  be assessed  u s in g  th e  m e th o d s  o u tlin e d  b y  C a sa g ra n d e  (1931) and  
C h a m b e r la in  (1981).
3.4 Summary
S o rte d  p a tte rn e d  g ro u n d  is c h a ra c te r is tic  o f  a p e rig lac ia l e n v iro n m e n t since  it fo rm s  as 
a re s u lt  o f  th e  a g g ra d a tio n  o f  ice len ses  w i th in  a f re e z in g  soil. T h is  can  o n ly  o ccu r 
u n d e r  v e ry  spec ific  c o n d itio n s  o f  f ro s t su sc e p tib ility . E v id en ce  fro m  v a rio u s  la n d e r 
o b se rv a tio n s  su g g est th a t  so m e  m a r tia n  so ils co u ld  be f ro s t su scep tib le , i f  th e  g lobal 
d u s t u n i t  p ro v id e s  su ff ic ie n t f in e  g ra in e d  fra c tio n . I n  s itu  o b se rv a tio n s  w o u ld  be 
re q u ire d  to  c o n f irm  th a t  a n y  g iv e n  site  o n  th e  m a r t ia n  su rface  is su itab le  fo r  p e rig lac ia l 
p rocesses.
T h e  a v a ila b ility  o f  l iq u id  w a te r  is a lso  c ritic a l. T h a w in g  can  o ccu r u n d e r  m a r t ia n  
c o n d itio n s , b u t  is n o t  ex p ec ted  to  be c o m m o n . U n lik e  so m e  fea tu re s , p a tte rn e d  g ro u n d  
c a n n o t b e  e x p la in e d  as th e  re su lt  o f  a n  iso la ted  th a w in g  in c id e n t. S o rted  p a tte rn s  o n ly  
o ccu r w h e n  a n  ac tiv e  la y e r  d ev e lo p s  a n d  u n d e rg o e s  re p ea ted  fre e z in g  a n d  th a w in g  o v e r 
d iu rn a l o r  sea so n a l cycles. I f  th e  d e v e lo p m e n t o f  a n  ac tiv e  la y e r  is a ra re  o ccu rren ce  it 
w ill ta k e  p ro p o r tio n a lly  lo n g e r  fo r  c o m p le x  s tru c tu re s  a n d  la rg e  scale fe a tu re s  to  fo rm .
T h e re  a re  sev e ra l c irc u m s ta n c e s  u n d e r  w h ic h  re g u la r  th a w in g  e v e n ts  co u ld  occu r. T h e  
p re sen ce  o f  c ry o b rin e s  in  th e  m a r t ia n  su b su rfa c e  co u ld  a llo w  th a w in g  in  th e  p re se n t 
day . I t  co u ld  a lso  h av e  b e e n  v iab le  d u r in g  th e  w a rm e r  m o n th s  d u rin g  p a s t p e rio d s  o f  
h ig h e r  o b liq u ity  w h e n  in so la tio n  to  po le  fac ing  slopes w o u ld  h a v e  b e e n  en h a n c e d . I t  
th u s  seem s th a t  c o n d itio n s  e x is t in  th e  m a r t ia n  e n v iro n m e n t u n d e r  w h ic h  p e rig lac ia l 
p ro cesses  a re  v iab le . H o w  c o m m o n  o r  w id esp read  su ch  c o n d itio n s  a re  re m a in s  to  be 
d e te rm in e d .
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4 Chapter Four: Sorted Patterned Ground in Northern 
Iceland
A s p re v io u s ly  d iscu ssed , so rte d  p a tte rn e d  g ro u n d  is o n e  o f  th e  m o s t d is tin c tiv e  
p e rig lac ia l la n d fo rm s . T h is  h a s  im p o r ta n t  im p lic a tio n s  fo r  th e  c h a ra c te r is a tio n  o f  th e  
m a r t ia n  e n v iro n m e n t. M a n y  o f  th e  la n d fo rm s  d iscu ssed  in  C h a p te r  T w o  are  
m o rp h o lo g ic a lly  s im ila r  to  o th e r , n o n  p e rig lac ia l fe a tu re s , b u t  th is  is  n o t  th e  case w ith  
so rte d  p a tte rn e d  g ro u n d . W h ile  s to n e s  can  b eco m e so m e w h a t o rg an ised  th ro u g h  o th e r  
p rocesses, fo r  ex a m p le  d u e  to  th e  re m o v a l o f  f in e r  m a te r ia l  b y  d e fla tio n , o r  th e  
d e p o s itio n  o f  p a r tic le s  as th e  re su lt  o f  f lu v ia l p ro cesses , th e se  fe a tu re s  lack  th e  
c o m p le x ity  a n d  s tr ik in g  re g u la r ity  o f  p e rig lac ia l p a tte rn e d  g ro u n d .
O n ly  a n th ro p o g e n ic  la n d fo rm s  su ch  as th e  N a z c a  L ines, a se ries o f  g eo g ly p h s  c rea ted  
b y  a r ra n g in g  s to n e s  in  th e  d e se rt o f  s o u th e rn  P e ru , com e close to  th e  c o m p le x ity  o f  
so rte d  p a tte rn e d  g ro u n d . T h e  N a z c a  L in es  a re  v e ry  d is t in c t  in  s tru c tu re , as th e y  do  n o t 
c o n s is t o f  a g ra d in g  o f  m a te r ia l  f ro m  th e  m o s t to  le a s t f in e  ac ro ss  th e  fe a tu re , b u t  r a th e r  
th e  re m o v a l o f  co arse  s to n e s  f ro m  so m e  p a tc h e s  o f  g ro u n d  to  fo rm  te x tu ra l  d if fe re n c es . 
C o n se q u e n tly , th e y  can  ea s ily  be d is tin g u ish e d  f ro m  p e rig lac ia l p a t te rn e d  g ro u n d s .
T h u s  p re sen ce  o f  so rted  p a tte rn e d  g ro u n d  is c h a ra c te r is tic  o f  f r e e z e - th a w r e la te d  
p rocesses. T h is  is s ig n if ic a n t fo r  th e  fie ld  o f  p la n e ta ry  e x p lo ra tio n  as so r te d  p a t te rn e d  
g ro u n d  p ro v id e s  a c lea r g e o m o rp h ic  m a rk e r  fo r  lo c a tio n s  w h e re  w a te r  h a s  b e e n  liq u id  in  
th e  g eo log ica lly  re c e n t past.
F ig u re  2.12 in  C h a p te r  T w o  il lu s tra te s  th e  w id e  v a r ie ty  o f  so r te d  p a tte rn s  th a t  c an  be 
fo u n d  o v e r  a re la tiv e ly  sm a ll area  in  th e  S k a g a fjo rS u r  re g io n  o f  n o r th e rn  Ice la n d . T h is  
c h a p te r  w ill e x a m in e  th is  re g io n  in  d e ta il. S o r te d  p a tte rn e d  g ro u n d  o ccu rs  a t a ra n g e  o f  
scales, so m e o f  w h ic h  a re  lik e ly  to  be d e te c ta b le  u s in g  re m o te  se n s in g  d a ta , a n d  so m e  o f
w h ic h  w o u ld  re q u ire  g ro u n d  based  o b se rv a tio n s  to  s tu d y . T h e  v a r ie ty  o f  so rted  fe a tu re s  
fo u n d  across th is  re g io n  an d  th e  lo c a tio n s  in  w h ic h  th e y  o ccu r w ill be  d o c u m e n te d  and  
d iscu ssed .
4.1 A im s and objectives
T h e  p u rp o se  o f  th is  c h a p te r  is to  d e te rm in e  th e  e x te n t  to  w h ic h  a lan d scap e  c o n s is tin g  
o f  so rted  p a tte rn e d  g ro u n d  w o u ld  be d e tec tab le  in  m a r t ia n  re m o te  sen s in g  d a ta . T o  th is  
end , ae ria l p h o to g ra p h s  o f  a re g io n  o f  n o r th e rn  Ice lan d  k n o w n  to  e x h ib it  so rted  
p a tte rn e d  g ro u n d  w ere  e x a m in e d . T h e se  im ag es h av e  a h o r iz o n ta l re so lu tio n  o f  
a p p ro x im a te ly  15 cm  p e r p ix e l, s lig h tly  h ig h e r  th a n  th e  25 cm  p e r  p ix e l re so lu tio n s  o f  
th e  b es t m a r t ia n  im ag es. H o w e v e r  m a r t ia n  p a tte rn e d  g ro u n d  ap p ears  to  o ccu r o n  a 
la rg e r  scale th a n  its  te r re s tr ia l  an a lo g u es , b o th  in  te rm s  o f  th e  size  o f  p o ly g o n s , a n d  o f  
th e  m a te r ia l  m a k in g  u p  th e  co arse  d o m a in s . C o n se q u e n tly  th e se  d a ta  se ts  are  
co m p arab le .
F ie ld w o rk  w as c o n d u c te d  to  assess  th e  v a r ia tio n  in  shape  a n d  s tru c tu re  w h ic h  can  occu r 
acro ss  a te r re s tr ia l  p e rig lac ia l e n v iro n m e n t, b o th  a t m e tre  an d  c e n tim e tre  scale. T h e  
v a r ie ty  o f  s tru c tu re s  p re s e n t a t th e  site  h a s  b een  d o c u m e n te d  fro m  th e  g ro u n d . T h e  
e x p re ss io n  o f  th e se  fe a tu re s  in  th e  a ir  p h o to g ra p h s  p ro v id e s  an  in d ic a tio n  o f  th e  ty p e  o f  
fe a tu re s  th a t  w o u ld  in d ic a te  a s im ila r  lan d scap e  in  th e  m a r t ia n  d a ta . T h is  p ro v id e s  a 
b a se lin e  fo r  th e  d e te c tio n  o f  m a r t ia n  p a tte rn e d  g ro u n d  a n d  th e  v a r ie ty  o f  fo rm s  an d  
s tru c tu re s  th a t  w o u ld  be  a n tic ip a te d .
A  se c o n d a ry  o b jec tiv e  w as  to  te s t  th e  u se  o f  structure fro m  motion p h o to g ra m m e try  
te c h n iq u e s  fo r  a p p lic a tio n  to  s tu d y in g  th is  ty p e  o f  e n v iro n m e n t. T h e  s tru c tu re  f ro m  
m o tio n  p ro cess  w ill be d e ta iled  in  se c tio n  4.3.1. I t  is a re la tiv e ly  n e w  te c h n iq u e  w h ic h  
a llo w s  d ig ita l e le v a tio n  m o d e ls  to  be  p ro d u ced  fro m  fie ld  p h o to g ra p h s  an d  w h ic h  h as
a p p lic a tio n s  fo r  a v a r ie ty  o f  a reas  o f  g eo m o rp h o lo g ica l re sea rch .
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In  essen ce  th is  c h a p te r  d o c u m e n ts  a “g ro u n d  t r u th ” an a lo g u e  s tu d y , p e rfo rm e d  to  
e x p lo re  h o w  e ffec tiv e  re m o te  sen s in g  is fo r  id e n tify in g  an d  c la ss ify in g  th e se  fea tu res , 
a n d  so th a t  th e  l im ita t io n s  o f  a p p ly in g  th is  m e th o d  to  M a rs  can  be fu lly  u n d e rs to o d . 
C h a p te r  fiv e  fo llo w s o n  f ro m  th is  d isc u ss io n  to  a p p ly  so m e  o f  th e  sam e  c la ss if ica tio n  
te c h n iq u e s  to  m a r t ia n  ex am p les .
4.1.1 B ack g ro u n d
S o rte d  p a tte rn e d  g ro u n d  is w e ll d o c u m e n te d  in  a v a r ie ty  o f  te r re s tr ia l  co ld  c lim a te  
e n v iro n m e n ts  as d iscu ssed  in  c h a p te r  tw o . T h e se  fe a tu re s  h av e  a ra n g e  o f  m o rp h o lo g ie s  
in c lu d in g  so rted  s trip es , an d  p o ly g o n s . O n e  o f  th e  f ir s t  s tu d ie s  to  c la ss ify  th e  d if fe re n t 
ty p e s  o f  p a tte rn e d  g ro u n d  w as  th a t  o f  W a s h b u rn  (1956). T h is  s tu d y  la id  th e  fo u n d a tio n  
o f  th e  p re s e n t u n d e rs ta n d in g  o f  so rte d  p a tte rn e d  g ro u n d  m o rp h o lo g y  an d  w a s  e x p a n d e d  
u p o n  b y  a v a r ie ty  o f  a u th o rs  w h o  h a v e  s tu d ie d  b o th  th e  fo rm  a n d  fo rm a tio n  
m e c h a n is m  o f  so rted  p a tte rn e d  g ro u n d  (e.g . G o ld th w a it  1976; R ay  e t al., 1983; M a tsu o k a  
e t al., 2003).
T h e  p ro cesses  b e h in d  th e  fo rm a tio n  o f  so rte d  p a tte rn e d  g ro u n d  h as  lo n g  b e e n  
u n c e r ta in , a n d  n u m e ro u s  s tu d ie s  ( s u m m a ris e d  in  th e  b a c k g ro u n d  se c tio n  to  a p p e n d ix  
o n e ) , h a v e  b e e n  c o n d u c ted  to  s im u la te  th e  f ro s t h e a v in g  p ro cess  a n d  d e m o n s tra te  h o w  
d if fe re n t  so r tin g  p a tte rn s  d ev e lo p , th e se  ra n g e  f ro m  th e  p ra c tic a l e x p e r im e n ts  (C o r te , 
^ 6 3 , 1962; In g lis  a n d  C o rte , 1965), to  th e  m o d e llin g  o f  so rte d  p a t te rn s  (K e ss le r  an d  
W e rn e r ,  2003; K essle r e t al., 2001) an d  in  s itu  m e a s u re m e n ts  o f  f ro s t h eav e  in  th e  fie ld  
(M a tsu o k a  e t al., 2003). I t  seem s lik e ly  th a t  so rte d  p a tte rn e d  g ro u n d  is a p o ly g e n e tic  
la n d fo rm , th a t  re su lts  f ro m  d if fe re n tia l  f ro s t h e a v in g  (M a tsu o k a  e t al., 2003).
T h e  s tu d y  o f  K essle r an d  W e rn e r ,  (2003) is p a r tic u la r ly  in te re s t in g  as i t  su g g es ts  th a t  
so rte d  s tru c tu re s  o f  d if fe re n t m o rp h o lo g ie s  fo rm  th ro u g h  se lf  o rg a n isa tio n . T h e y  w e re  
ab le  to  m o d e l th e  fo rm a tio n  o f  a v a r ie ty  o f  c o m p le x  so rte d  fe a tu re s  re s u lt in g  f ro m  ju s t
tw o  basic  m e c h a n ism s; f ro s t h e a v in g  re su lts  in  th e  seg reg a tio n  o f  f in e  an d  coarse 
m a te r ia l, re su ltin g  in  c o h e re n t coarse  an d  f in e  d o m a in s ; w h ile  th e  sq u eez in g  o f  s to n e  
d o m a in s  b y  th e  n e ig h b o u rin g  reg io n s  o f  f in e r  so il re su lts  in  th e  m o v e m e n t o f  s to n es  
a lo n g  th e  ax is  o f  th e  d o m a in . T h e  in te ra c tio n  o f  th e se  tw o  p ro cesses  w ith  
e n v iro n m e n ta l  fa c to rs  su ch  as h ill  slope  re su lt  in  th e  v a r ie ty  o f  so rted  s tru c tu re s  
o b se rv ed  a t a p e rig lac ia l site .
T h e  re lev an ce  o f  th is  to  th e  c u r re n t  s tu d y  is th a t  som e o f  th e  la rg e  scale v a r ia tio n s  in  
p a t te rn  m o rp h o lo g y  re su lt  f ro m  e n v iro n m e n ta l  c o n d itio n s  w h ic h  can  be in d e p e n d e n tly  
assessed . S o rte d  p o ly g o n s  b eco m e in c re a s in g ly  e lo n g a ted  as th e  u n d e r ly in g  g ra d ie n t 
in c reases , e v e n tu a lly  t r a n s i t io n in g  in to  re g io n s  o f  so rted  s tr ip e s  (K ra n tz , 1990; 
W a s h b u rn , 1956). O th e r  p o ly g o n a l p a t te rn s , su ch  as th o se  re su ltin g  f ro m  c rack in g  
p ro cesses  do n o t  e x h ib it  th is  b e h a v io u r . I t  is th u s  in d ic a tiv e  o f  so rted  p a tte rn e d  g ro u n d .
In  th e  m a r t ia n  d a ta  ch an g es  in  to p o g ra p h y  can  be m e a su re d  u s in g  d ig ita l e le v a tio n  
m o d e ls , o r  in fe r re d  f ro m  th e  p ro x im ity  o f  a re g io n  o f  p a tte rn e d  g ro u n d  to  th e  w a ll o f  an  
im p a c t c ra te r . T h u s  a v a r ia tio n  in  p a t te rn  m o rp h o lo g y  asso c ia ted  w i th  th is  g ra d ie n t 
c h an g e  w o u ld  be  su g g es tiv e  o f  a p e rig lac ia l o rig in .
S m a ll scale so rte d  p a tte rn e d  g ro u n d  is c o m m o n  in  Ice lan d , b u t  few  e x te n s iv e  s tu d ie s  
h av e  b e e n  m a d e  in to  its  d is tr ib u tio n  a n d  m o rp h o lo g y . S o rted  p a tte rn s  w ere  n o te d  b y  
(H a w k e s , 1924) w h o  c ited  th e m  a m o n g  o th e r  in d ic a to rs  o f  f ro s t a c tio n  in  th e  Ice lan d ic  
lan d scap e . T h e  re v ie w  o f  T h o ra r in s s o n , (1951) describ es  a v a r ie ty  o f  ty p e s  an d  
su m m a rise s  th e  l i te ra tu re  o n  th e  su b jec t a t th e  tim e . P r ie s n itz  an d  S ch u n k e , (1983) 
d iscu ss  th e  d is tr ib u tio n  o f  so rted  p a tte rn e d  g ro u n d  in  th e ir  re v ie w  o f  Ice lan d ic  
p e rig lac ia l fe a tu re s  a n d  co n c lu d e  th a t  la rge  scale p o ly g o n s  a re  o n ly  fo u n d  a t h ig h  
e le v a tio n s , b e tw e e n  350 an d  400 m e tre s  above  sea level. T h e  s tu d y  o f  K ru g er, (1994) 
su p p o r ts  th is  a sse ssm e n t. H e  e x a m in e d  th e se  fe a tu re s  in  so u th e rn  Ice lan d  an d  n o te d
th a t  th e y  are  c o m m o n  o n  ex p o sed  g ro u n d , a lth o u g h  th e  la rg e s t fe a tu re s  are  lim ite d  to  
th e  c e n tra l h ig h la n d s .
T h e  s tu d y  area  c h o se n  fo r  th is  in v e s tig a tio n  is th e  re g io n  a ro u n d  th e  S k a g a fjo rd u r 
d e sc rib ed  in  th e  c o m p re h e n s iv e  s tu d y  o f  F eu ille t e t al., (2012). T h e y  e x a m in e d  th e  
e n v iro n m e n ta l  fa c to rs  c o n tro llin g  th e  d is tr ib u tio n  o f  d if fe re n t p a tte rn e d  g ro u n d  ty p e s  
a t th is  s ite . F eu ille t e t al., (2012) e x a m in e d  a v a r ie ty  o f  so rte d  fo rm s  in  d if fe re n t 
c o n te x ts  across th e  area . T h e y  co n c lu d ed  th a t  th e  d ia m e te r  o f  a so rte d  n e t  w as 
c o rre la ted  w i th  a l t i tu d e  a n d  th e  size  o f  co arse  c la s tic  m a te r ia l, as w e ll as th e  p ro p o r tio n s  
o f  c lay  an d  s ilt w i th in  th e  soil. T h e  seco n d  o f  th e se  o b se rv a tio n s  h as  a p p lic a tio n  to  th e  
p re se n t in v e s tig a tio n , as a c o rre la tio n  b e tw e e n  c la s t le n g th  a n d  p o ly g o n  d ia m e te r  
sh o u ld  be p o ssib le  to  assess u s in g  re m o te ly  sen sed  d a ta .
S ev e ra l o f  th e  s ite s  re p o r te d  b y  F eu ille t e t al., (2012) w e re  v is ite d  d u r in g  th e  f ie ld w o rk  
se c tio n  o f  th is  p ro je c t an d  so th e ir  o b se rv a tio n s  p ro v e d  v e ry  u se fu l in  e f f ic ie n tly  
lo c a tin g  a reas  o f  so rte d  p a tte rn e d  g ro u n d .
4.2 Study area
T h e  S k ag a fjo rS u r re g io n  o f  n o r th e rn  Ic e la n d  is an  e a s ily  accessib le  c o a s ta l e n v iro n m e n t  
ju s t  to  th e  so u th  o f  th e  A rc tic  C irc le . T h e  re g io n  is sh o w n  in  F ig u re  4.1. T h is  area  
e x h ib its  a v a r ie ty  o f  lan d scap es , ra n g in g  f ro m  s teep  h ills id e s  to  f la t m o o rla n d . M u c h  o f  
th e  area  is co v ered  in  sm a ll scale so r te d  p a tte rn e d  g ro u n d . T h is  p a r t  o f  Ic e la n d  is 
d o m in a te d  b y  th e  S k a g a fjo rd u r itse lf, a deep  g lac ia ted  c h a n n e l a p p ro x im a te ly  40 k m  in  
le n g th  a n d  15 k m  w id e , o p e n in g  o n to  th e  A rc tic  O c e a n . A ll o f  th e  s ite s  e x a m in e d  d u r in g  
th is  s tu d y  are  in  c lose p ro x im ity  to  th e  fjo rd , b u t  n o n e  a re  lo ca ted  o n  beach es, o r  in  
p ro x im ity  to  s tre a m s  w h e re  co as ta l a n d  f lu v ia l p ro cesse s  w o u ld  be e x p e c te d  to  
d o m in a te . C o n se q u e n tly , th e se  p ro cesses  w o u ld  n o t  be e x p e c te d  to  in te r fe re  w i th  th e  
d e v e lo p m e n t o f  p e rig lac ia l m o rp h o lo g ie s .
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T h is  fie ld  site  is a w e t m a r i t im e  e n v iro n m e n t an d  so is n o t  as s im ila r  to  th e  cold, d ry  
m a r t ia n  d ese rt as o th e r  c a n d id a te  sites. I t  w as  c h o se n  fo r  its  ease  o f  ac c e ss ib ility  and  
b ecau se  a ir  p h o to g ra p h s  co m p arab le  to  th e  sa te llite  im ag es b e in g  u sed  fo r  th e  m a r tia n  
s tu d y  w ere  ava ilab le . S in ce  th e  p u rp o se  o f  th is  s tu d y  w as p r im a r ily  to  te s t  th e  te c h n ic a l 
l im ita t io n s  o f  c h a ra c te r is in g  a so rte d  n e tw o rk  f ro m  re la tiv e ly  lo w  re so lu tio n  re m o te  
se n s in g  d a ta  i t  w as  fe lt th a t  a p e rfe c t an a lo g u e  w as  n o t  re q u ire d . T h is  s ite  e x h ib ite d  
e x te n s iv e  so rte d  n e tw o rk s , in c lu d in g  fie ld s  o f  b o th  p o ly g o n s  a n d  s trip es . A  w id e  
v a r ie ty  o f  sm a lle r  scale fe a tu re s  w e re  a lso  av a ilab le  w h ic h  cou ld  be  u sed  to  te s t  th e  
structure fro m  motion p ro ced u re .
F ea tu re s  in  co lder, d ry e r  e n v iro n m e n ts  w o u ld  be lik e ly  to  b ea r m o re  s im ila r i ty  to  th e  
m a r t ia n  fea tu re s , s ince  th e y  w o u ld  be  less lik e ly  to  b e  in f lu e n c e d  b y  v e g e ta tio n  an d  
w a te r  logged  soils. T h e  a p p lic a b ility  o f  th e  Ic e la n d ic  p a tte rn s  w as assessed  d u r in g  th e  
f ir s t  f ie ld  c a m p a ig n , p a r tic u la r ly  in  re g a rd s  to  d is tu rb a n c e  b y  v e g e ta tio n . P a tte rn s  o n  
th e  su m m it o f  T in d a s to ll  w h ic h  w o u ld  ap p e a r in  th e  a ir  p h o to  d a ta se t w e re  e x a m in e d  
in  s itu . T h e se  s tru c tu re s  w e re  fo u n d  to  be la rg e ly  u n -v e g e ta te d . T h e  s u m m it o f  
T in d a s to l l  is a lm o s t e n tire ly  ex p o sed  s to n e s  an d  e a r th . W h ile  th e  sm a lle r  scale fe a tu re s  
a t lo w e r e le v a tio n s  do  o ccu r in  m o re  v e g e ta te d  reg io n s  th e se  s tru c tu re s  a ll ap p ea r to  be 
re la tiv e ly  y o u n g . I t  h a s  b e e n  su g g ested  b y  H a u g la n d , (2006), th a t  a lte ra tio n  by  
v e g e ta tio n  is n eg lig ib le  o n  fe a tu re s  o n ly  a few  decades in  age.
I t  w o u ld  be in te re s tin g  to  c h a ra c te r ise  a n  A n ta rc t ic  s ite  f ro m  re m o te  sen s in g  d a ta  in  a 
s im ila r  m a n n e r  to  th e  a n a ly s is  p e rfo rm e d  o n  m a r tia n  fe a tu re s . W h ile  f ra c tu re  n e tw o rk s  
are  f r e q u e n tly  re p o r te d  a ro u n d  th e  A n ta rc tic  d ry  v a lley s  th e re  ap p ears  to  be less 
in fo rm a tio n  a b o u t so rte d  fe a tu re s , w h ic h  are  m o re  o f te n  re p o r te d  in  w e tte r , s u b ' 
A n ta rc t ic  re g io n s  (e.g . W ils o n  a n d  C la rk , 1994). S o rted  p a tte rn e d  g ro u n d  is u n lik e ly  to  
be fo u n d  in  th e  co ld est, d r ie s t e n v iro n m e n ts  w h ic h  a re  m o s t co m p a ra b le  to  M ars . A s
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w ith  m a r t ia n  e x a m p le s  e x tra o rd in a ry  c irc u m s ta n c e s  w o u ld  be re q u ire d  fo r  th e se  
fe a tu re s  to  evo lve . A n  A n ta rc t ic  s tu d y  w o u ld  a lso  h av e  lack ed  in  s itu  o b se rv a tio n s  
sin ce  su ch  s ite s  are  less accessib le . I t  w as fe lt  th a t  in  s itu  s tu d y  w as  e s se n tia l  in  o rd e r  to  
b u ild  fa m ilia r i ty  w i th  th e se  la n d fo rm s  an d  to  e ffe c tiv e ly  assess  th e  lev e l o f  d e ta il th a t  
H iR IS E  im ag es o f  M a rs  w o u ld  p ro v id e .
T h e  g eo logy  o f  th e  S k ag a fjo rS u r c o n s is ts  o f  a b a sa ltic  b e d ro c k  w i th  la y e rs  o f  
se d im e n ta ry  m a te r ia l  (D e c a u ln e  e t al., 2007). E x am p les  o f  so r te d  p a tte rn e d  g ro u n d  can  
be fo u n d  in  ro c k y  fie ld s  n e a r  th e  to w n  o f  S a u d a rk ro k u r  o n  th e  so u th  w e s te rn  side  o f  th e  
fjo rd  a n d  o n  s u rro u n d in g  h e a th  lan d . T h e  b es t a c tiv e  e x am p le s  o f  p a tte rn e d  g ro u n d  
o c c u r a t h ig h  e le v a tio n s  to  th e  n o r th -w e s t  o f  th e  to w n , w ith  re lic  fe a tu re s  in  o th e r  p a r ts  
o f  th e  S k ag a fjo rS u r a rea  (F e u ille t e t al., 2012b).
F ive lo ca litie s  a ro u n d  th e  fjo rd  w ere  se lec ted  w h e re  a w id e  v a r ie ty  o f  p e rig la c ia l 
fe a tu re s  o ccu r in  c lose p ro x im ity . T h e s e  w e re  su rv e y e d  o v e r th e  co u rse  o f  tw o  fie ld  
c a m p a ig n s  in  th e  su m m e rs  o f  2012 a n d  2013. T h e  su rv e y in g  te c h n iq u e s  a p p lie d  a t e ach  o f  
th e se  s ite s  w ill be d iscu ssed  in  m o re  d e ta il in  th e  m e th o d s  s e c tio n  b u t  in  b r ie f  th e  
o b jec tiv e  o f  th e  p ro je c t w as to  c la ss ify  th e  v a r ie tie s  o f  so rted  p a tte rn e d  g ro u n d  fo u n d  a t 
each  s ite  a n d  d e te rm in e  th e  e x te n t  to  w h ic h  th e  a p p lic a tio n  o f  r e m o te  se n s in g  
te c h n iq u e s  co u ld  c h a ra c te rise  a p e rig lac ia l e n v iro n m e n t.
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F ig u re  4.1: M a p  o f  th e  S k a g a fjo rd u r  a rea  sh o w in g  th e  lo c a tio n s  o f  th e  areas su rv e y e d  
d u r in g  th is  p ro je c t a n d  th e  G P S  tra c k s  o f  ro u te s  u se d  d u rin g  th e  tw o  fie ld  cam p a ig n s . 
(F re q u e n tly  red  tra c k s  f ro m  th e  2012 e x p e d itio n  are  o v e rla in  b y  b lu e  tra c k s  f ro m  2013).
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4-2.1 Locality One: The Skagi Peninsular
T o  th e  w es t  o f  th e  f jord  th e  Skagi P e n in s u la r  co ns is ts  o f  o p e n  h e a th  lan d  in te r sp e r se d  
w i th  n u m e r o u s  lakes a n d  ro c k y  ou tc rops .  M u c h  o f  th e  p e n in s u la r  is veg e ta ted ,  b u t  
m a n y  p a tc h e s  o f  o p e n  g ro u n d  are p re se n t  an d  th e se  are a lm o s t  a lw a y s  c o v e re d  in  
c e n t im e t r e  scale p a t te rn e d  g ro u n d .  T h i s  loca li ty  w as  subject to  a re c o n n a is sa n c e  su rv e y  
d u r in g  th e  2012 f ie ld  c a m p a ig n  an d  a m o re  de ta i led  su rv e y  u s in g  Structure from Motion 
p h o to g r a m m e t r y  d u r in g  2013. T w e n t y  fo u r  s ites  w e re  e x a m in e d  in c lu d in g  so r ted  
s tr ipes ,  p o ly g o n s  a n d  t r a n s i t io n a l  fea tu res .  T h e s e  s ites are sp read  o v e r  an  o p e n  a rea  o f  
h e a th  a p p ro x im a te ly  50 m  above sea level.
F ig u re  4.2: O v e rv ie w  o f  th e  te r ra in  fo u n d  o n  th e  S k ag i P e n in s u la r  a n d  th e  ty p e s  o f  
so r te d  fe a tu re s  p re se n t. T h e  b lack  a n d  w h ite  s tr ip e d  ru le rs  p re s e n t  in  th e se  a n d  la te r  
im ag es  a re  30 c m  in  le n g th  d iv id e d  in to  fiv e  cm  b la c k  an d  w h ite  sec tio n s . T h e  so r te d  
s tr ip e s  sh o w n  in  in se t b  h a v e  a w a v e le n g th  o f  a p p ro x im a te ly  10 cm . a) O v e rv ie w  o f  th e  
s ite , b ) 10-20 cm  w a v e le n g th  so rted  s tr ip e s , c ) ir re g u la r  so r te d  p o ly g o n s  w i th  20-30 cm  
d ia m e te r , d ) 20-30 cm  d ia m e te r  so r te d  c irc les .
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A  v a r ie ty  o f  fea tu res  obse rved  in  th is  loca lity  are i l lu s tra ted  in  F igures  4.2 and  4.3. T h is  
loca l i ty  c o n ta in s  m a in ly  sm all  to  m e d iu m  scale fea tu re s  f ro m  a few  c e n t im e t r e s  to  a 
few  te n s  o f  c e n t im e tre s  across. T h e s e  g en e ra l ly  co ns is t  o f  f ine  d o m a in s  o f  s il ty  soil 10- 
20 c m  across  s u r ro u n d e d  by  i r reg u la r  p o ly g o n s  o f  pebb le  g rade  m a te r ia l ,  coarse d o m a in s  
are o f  v a ry in g  w id th s  u su a l ly  2-10 cm. M o s t  o f  th e  fea tu re s  e x a m in e d  w ere  irregular ,  
w i t h  v e ry  few  in s tan ces  w h e re  c lear so r ted  circ les occu rred . A  few  la rger  fea tu re s  w ere  
fo u n d ,  c o n s is t in g  o f  cobble  g rade  m a te r ia l  as p a r t  o f  th e  coarse  d o m a in s ,  b u t  no  m e tre  
scale p a t te rn e d  g ro u n d  app ea red  to  be p re se n t  at th is  site.
F ig u re  4.3: S m a ll scale so rte d  c irc les w i th  la rg e  cobb les su rro u n d in g  f in e  d o m a in s  o f
s il ty  soil. T h e  te n t  peg is 20 cm  in  le n g th .
4.2.2 Locality Two: Tindastoll Mountain
T h e  la rges t  to p o g ra p h ic  fea tu re  to  th e  w es t  o f  th e  fjord is T in d a s to l l .  T h i s  is a w id e
basa lt ic  hil l  w i t h  a s u m m i t  a p p ro x im a te ly  900 m  above sea level. T h e  n o r th e r n  face o f
T in d a s to l l  c an  be seen  in  F igure  4.2a. T in d a s to l l  is o r ie n te d  a p p ro x im a te ly  n o r th - s o u th
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an d  th e  w e s te rn  a n d  e a s te rn  faces are d o m in a te d  by  a n u m b e r  o f  large gullies. T h e  
s u m m i t  o f  th e  hill  is a p p ro x im a te ly  20 k m  in  l e n g th  and  co n s is ts  o f  a series o f  p la te a u x  
sep ara ted  by  th e  a lcoves o f  th e  gullies. T h e  top  o f  th e  hill  c o n s is ts  la rge ly  o f  w e a th e re d  
basa lt ic  m a te r ia l  m u c h  o f  w h ic h  has  been  o rg an ised  in to  m e t r e  scale p a t t e rn e d  g ro u n d .  
S m a l le r  so r ted  fea tu re s  are fo u n d  o n  th e  slopes a p p ro a c h in g  th e  h i l l to p  a n d  so l i f lu c t io n  
lobes a p p ea r  to  be p re se n t  o n  th e  s teepes t slopes.
F ig u re  4.4: S o rte d  fe a tu re s  a t a ra n g e  o f  scales o n  th e  s u m m it o f  T in d a s to ll .  T h e  scale  
b a r  sh o w n  in  th is  a n d  fu tu re  im ag es is a 25 c m  sq u a re  d iv id e d  in to  fiv e  c m  sq u a re  b la c k
an d  w h ite  sec tio n s  th e  la rg e  c irc les in  f ra m e s  a a n d  b a re  1-2 m e tre s  in  d ia m e te r , c) 
sh o w s ir re g u la r  f in e  m a te r ia l  a n d  co arse  d o m a in s  o f  v a r io u s  s izes , d ) sh o w s sm a ll 
co arse  d o m a in  o f  g ra n u le  s ized  m a te r ia l  in te rse c tin g  a la rg e r f in e  re g io n  s u r ro u n d e d  b y
b o u ld e rs .
T h i s  loca li ty  w as  th e  site  o f  th e  m o s t  de ta i led  re c o n n a is sa n c e  s u rv e y  o f  th e  2012 
e x p e d i t io n  an d  is th e  site covered  b y  th e  L ID A R  a n d  aeria l p h o to g r a p h y  su rv ey .  F ive 
ex a m p le s  o f  10 cm  scale p a t te rn e d  g ro u n d  at th is  loca li ty  w e re  e x a m in e d  as p a r t  o f  th e  
2013 structure from motion su rvey .  H o w e v e r  th e  large m e t r e  scale p a t t e r n e d  g r o u n d  o n  th e  
h i l l ’s s u m m i t  w as  inaccessib le  in  2013 due  to  h e a v y  s n o w  cover.
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T h e  s u m m it o f  T in d a s to ll  is co v ered  in  a n e tw o rk  o f  so rte d  p o ly g o n s  1-3 m  in  d ia m e te r  
w h ic h  e x te n d s  across la rg e  sw a th e s  o f  th e  h il l to p  an d  t r a n s i t io n s  to  so rted  s tr ip e s  in  
sev e ra l p laces . T h e  fin e  d o m a in s  c o n s is t o f  a co a rse r s il t- s a n d  g rad e  soil th a n  a t lo w er 
e le v a tio n  s ite s  w ith  n u m e ro u s  sm all peb b les  an d  g ran u le s . T h e  coarse  d o m a in s  are 
m a d e  u p  o f  m a n y  sm all b o u ld e rs  w i th  som e la rg e  cobbles. In  m a n y  in s ta n c e s  sm a lle r  
fe a tu re s  ra n g in g  fro m  a few  c e n tim e tre s  to  sev era l te n s  o f  c e n tim e tre s  across are  n e s te d  
w i th in  th e  la rg e r  m e tre  scale n e tw o rk s  as i l lu s tra te d  in  F ig u re  4.4. F ig u re  4«4d sh o w s 
c e n tim e tre  scale fe a tu re s  in  th e  sh ad o w  o f  a la rg e  b o u ld e r  w h ic h  ap p ea red  to  be ac tiv e  
in  2012.
T h e  so il w a s  p a r tia lly  f ro z e n  a t th is  site , su g g estin g  th a t  th e  sm a ll scale fe a tu re s  are  
u n d e rg o in g  freeze  th a w  p ro cesses  in  th e  p re se n t day . I t  is im p o ss ib le  to  be c e r ta in  
w h e th e r  a n y  o f  th e  o th e r  fe a tu re s  w e re  ac tiv e , h o w e v e r  th e  deep  sn o w  co v er o b se rv ed  
a t th is  s ite  in  2013 su g g ests  th a t  th e  g ro u n d  h e re  u n d e rg o e s  fre e z in g  an d  th a w in g  o n  a 
re g u la r  b a s is  so i t  is lik e ly  th a t  all o f  th e se  fe a tu re s  are  ac tiv e  in  th e  p re se n t day .
4.2.3 L o c a lity  T h re e : H ills id e  ab o v e  th e  sh o re  o f  th e  fjo rd .
A  s ite  a t  th e  h ead  o f  th e  fjo rd  sev e ra l k ilo m e tre s  to  th e  ea s t o f  S a u d a rk ro k u r  w as 
se lec ted  as a s tu d y  area  as it  e x h ib ite d  sm a ll scale fe a tu re s  o f  th e  so rt w h ic h  ap p eared  to  
be la rg e ly  u b iq u ito u s  acro ss  th is  area . T h is  s ite  c o n s is ts  o f  a re g io n  o f  b a re  g ro u n d  
in te rsp e rse d  w i th  ro c k y  o u tc ro p s  o n  a sm a ll h ill  a p p ro x im a te ly  25 m  above sea level. 
H e re , as in  o th e r  lo c a tio n s  ac ro ss  th e  reg io n , m o s t o f  th e  ex p o sed  g ro u n d  is a m ix  o f  
s i l ty  so il a n d  s to n e s  in  th e  large  g ra n u le  to  sm a ll pebb le  ran g e .
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F ig u re  4.5: T h e  te r ra in  a t lo c a lity  th re e  a n d  th e  v a r ie ty  o f  c e n tim e tre  scale  p a tte rn e d  
g ro u n d  o b se rv ed  in  th is  a rea , a ) O v e rv ie w  o f  th e  site , b ) d is c o n tin u o u s  s tr ip e s  o f  c o a rse  
a n d  f in e  m a te r ia l. w a v e le n g th  o f  10-20 cm , c) sm a ll 10 c m  d ia m e te r  c irc les , d ) a m ix tu re  
o f  d if fe re n t fe a tu re  ty p e s  o f  th e  sam e scale.
Iso la ted  la rge r  m a te r ia ls ,  up  to  sm all  bou lders ,  are c o m m o n  b u t  n o t  u b iq u i to u s .  In  all 
lo ca t io n s  w h e re  th e  g ro u n d  w as  ex p o sed  som e degree  o f  so r t in g  w a s  o b se rv ed ,  w i t h  th e  
e x c e p t io n  o f  th e  g ravel roads  w h ic h  are l ike ly  to  be too  f re q u e n t ly  d is tu rb e d ,  a n d  m a y  
n o t  c o n ta in  a s ig n if ican t  f ra c t io n  o f  f in e  g ra in ed  m a te r ia l  to  a l lo w  so r t in g  to  occur.
T h i s  site w as  su rv ey ed  d u r in g  th e  2012 ex p ed i t io n ;  it w as  n o t  re v is i te d  d u r in g  2013. 
N u m e r o u s  five to  te n  c e n t im e t r e  scale fea tu re s  w e re  o b se rv ed  in  th i s  re g io n .  T h e  
m a jo r i ty  o f  th e se  fea tu re s  to o k  th e  fo rm  o f  e lo n g a ted  p o ly g o n s ,  b u t  seve ra l  a reas  o f  
s tr ipes  a n d  m o re  c ircu la r  p o ly g o n a l  fe a tu re s  w ere  fo u n d .  N u m e r o u s  in s ta n c e s  o f  
p a t te rn s  g rad in g  f ro m  c ircu la r  fea tu res ,  th r o u g h  e lo n g a ted  f in e  d o m a in s  to  so r ted  
s tr ipes  w ere  observed .
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F ig u re  4.6: T ra n s i t io n  f ro m  c irc u la r  p o ly g o n s  a t th e  r ig h t  h a n d  side  o f  th e  im ag e  to  
s tr ip e s  a t th e  le ft, p a ss in g  th ro u g h  a tra n s i t io n a l  re g io n  w ith  sev era l ty p e s  o f
in te rm e d ia te  fea tu re s .
4.2.4 Locality Four: C liff top near to geodetic pillar
T h i s  site  is loca ted  f u r th e r  u p  th e  va lley  f ro m  loca li ty  th ree ; on  a ro ck y  b lu f f
a p p ro x im a te ly  100 m  above  sea level. T h i s  is in  p r o x im i ty  to  th e  lo ca tion  o f  th e
g eode tic  p i l la r  used  w i th  th e  G P S  e q u ip m e n t .  T h e  so r ted  fea tu res  at th is  site are s im ila r
to  th o se  o b se rv ed  at loca lity  one  an d  loca lity  th ree .  T h i s  site w as  su rv ey ed  in  2012, and
re v is i te d  in  2013, a l th o u g h  no  ad d i t io n a l  m e a s u re m e n ts  w e re  m ade .  It w as  d e te rm in e d
th a t  th e  gen e ra l  fo rm  o f  th e  p a t te rn e d  g ro u n d  at th e  site had  n o t  c h an g ed  in  th e
in te rv e n in g  t im e  an d  th e  d ec is ion  w as  m a d e  to  focus on  th e  areas w h ic h  h ad  n o t  been
e x a m in e d  in  as m u c h  de ta i l  th e  p re v io u s  year.  T h e r e  w as  no  n eed  to  re s u rv e y  th e  sam e
fe a tu re s  to  c o m p a re  m o rp h o lo g ic a l  changes ,  as s ign if ican t  v a r ia t io n s  in  p a t te rn
m o rp h o lo g y  w o u ld  ta k e  m o re  t h a n  a y ea r  to  deve lop  an d  a lo n g e r  t e r m  m o n i to r in g
p r o g r a m  w as  n o t  v iab le  as p a r t  o f  th is  in v e s t ig a t io n .
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F ig u re  4.7: T h e  te r r a in  a t lo c a lity  fo u r  an d  th e  v a r ie ty  o f  so rte d  fe a tu re s  o b se rv e d  in
th is  area . S o rte d  fe a tu re s  a re  o f  th e  o rd e r  o f  te n  c e n tim e tre s  acro ss , a ) O v e rv ie w  o f  s ite , 
b ) 10 cm  w a v e le n g th  so rte d  s trip es , c a n d  d ) so rte d  c irc les a t a s im ila r  sca le  fo rm in g  in
d if fe re n t su b s tra te s .
T h e  m o rp h o lo g y  o f  these  fea tu res  w as  c o m p a re d  w i t h  th o se  at loca l i ty  th re e .  T h e  
a d d i t io n a l  e le v a t io n  seem ed  to  hav e  h ad  m in im a l  e ffec t on  th e  scale o f  so r ted  fea tu re s .  
T h e s e  fea tu re s  are at th e  sam e  scale as th o se  in  loca li ty  th re e  a n d  in  g en e ra l  w e r e  fo u n d  
to  be sm alle r  t h a n  th e  fea tu re s  o b se rved  at loca li ty  one . A g a in  a v a r ie ty  o f  circ les, 
s tr ipes  an d  t r a n s i t io n a l  fea tu re s  w ere  p re se n t .  T h e  m a te r ia l  at th i s  s ite  w a s  s im i la r  to  
th a t  obse rved  at loca li ty  th ree ,  co n s is t in g  la rge ly  o f  sm all  d o m a in s  o f  f in e  silt, 
s u r ro u n d e d  b y  m u c h  la rg e r  d o m a in s  o f  coarse  san d  a n d  g ranu les ,  w i t h  n u m e r o u s  sm a ll  
pebbles  an d  som e  iso la ted  p a tch es  o f  co a rse r  m a te r ia l .  N u m e r o u s  ro c k y  o u tc ro p s  
sep ara ted  th e  p a tch es  o f  soil o n  w h ic h  so r ted  s t ru c tu re s  w e re  ob se rv ed ,  b u t  re la t iv e ly  
few  m ob ile  bou ld e rs  w e re  p re se n t  so n o  la rger  scale so r t in g  h ad  occu rred .
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4.2.5 Locality Five: H illside by the H ofsos Road.
T h e  e a s te rn  side o f  th e  Fjord has  less fla t  h e a th  land . A  large n u m b e r  o f  m o u n ta in s  
in te rsp e rse d  w i t h  n a r ro w  dales are sepa ra ted  f ro m  th e  fjord  b y  a t h in  b a n d  o f  open  
g ro u n d .  A  road  ru n s  n o r th - s o u th  along  th e  edge o f  th e  fjord  a n d  th e  g ro u n d  slopes 
s teep ly  u p w a rd s  on  th e  e a s te rn  side o f  th e  road  in to  o v e rg ro w n  m o u n d s  o f  coarse 
m a te r ia l  w h ic h  m a y  be spoil h eap s  f ro m  th e  c o n s t ru c t io n  o f  a road. T h e s e  w ere  fo u n d  
to  be covered  in  c e n t im e t re  scale p a t te rn e d  g ro u n d .  T h i s  g ro u n d  w o u ld  h av e  been  
d is tu rb e d  w i t h i n  th e  last f ive  decades, p ro b ab ly  m o re  recen tly ,  m a k in g  these  fea tu res  
r e la t iv e ly  y o u n g .
F ig u re  4.8: T h e  te r ra in  a t lo c a lity  fiv e  w h ic h  is b e liev ed  to  be co m p o sed  o f  co a rse r 
g ra in e d  m a te r ia l  le f t o v e r f ro m  th e  c o n s tru c tio n  o f  th e  ro ad , a) O v e rv ie w  o f  site , b ) 
ex a m p le s  o f  c e n tim e tre  scale  p a tte rn s  a t th e  site , c irc les  a re  20-30 c e n tim e tre s  in
d ia m e te r .
T h e s e  fe a tu re s  are s l ig h t ly  la rge r  in  scale t h a n  th o se  fo u n d  at loca lit ies  th re e  an d  four. 
T h i s  is l ike ly  due  to  th e  g en e ra l ly  coa rse r  m a te r ia l  in  w h ic h  th e y  are fo rm ed .  T h i s  area 
w a s  e x a m in e d  d u r in g  a re c o n n a is sa n c e  su rv e y  in  2012 an d  tw o  sites w ere  e x a m in e d  in  
m o re  de ta i l  u s in g  structure from motion te c h n iq u e s  d u r in g  th e  2013 e x p ed i t io n .  R e la t ive ly  
l i t t le  d a ta  w a s  co llec ted  f ro m  th is  reg ion . It w as  e s tab l ish ed  th a t  th e se  fea tu re s  w ere  n o t  
s ig n if ic a n t ly  d if f e re n t  to  th o se  o b se rved  o n  th e  w e s te rn  side o f  th e  fjord w h e re  m o re  
n u m e r o u s  fea tu re s  occu rred .  N u m e r o u s  ex am p les  o f  so r ted  s tr ipes  w e re  fo u n d  in  th is
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area . F ew er p a tc h e s  o f  p o ly g o n a l te r ra in  w e re  fo u n d , p o ss ib ly  d u e  to  th e  g re a te r  re l ie f  o f  
th is  reg io n .
4.3 M ethodology
T w o  fie ld  c a m p a ig n s  w e re  c o n d u c te d  to  su rv e y  so rted  p a tte rn e d  g ro u n d  in  th is  re g io n . 
T h e  f ir s t  e x p e d itio n , c o n d u c te d  in  th e  su m m e r  o f  2012 w as as g ro u n d  su p p o r t fo r  th e  
a c q u is itio n  o f  L ID A R  a n d  ae ria l p h o to g ra p h s  o f  T in d a s to ll  u s in g  th e  N E R C  A irb o rn e  
R em o te  S e n s in g  F a c ility  a irc ra f t. W h ile  th e  p u rp o se  o f  th is  re m o te  se n s in g  su rv e y  w as  
u n re la te d  to  th e  c u r re n t  p ro jec t it  p ro d u c e d  a la rg e  v o lu m e  o f  d a ta  w h ic h  cou ld  a lso  be 
u sed  to  e x a m in e  th e  p a tte rn e d  g ro u n d  o n  T in d a s to ll .  W h ile  th e  re m o te  se n s in g  su rv e y  
w as  ta k in g  p lace, sev e ra l re c o n n a is sa n c e  su rv e y s  w ere  c o n d u c te d  to  lo ca te  a reas  w i th  
e x a m p le s  o f  so rte d  p a tte rn e d  g ro u n d . O n  d ay s w h e n  th e  G P S  e q u ip m e n t w a s  n o t  
re q u ire d  fo r  th e  re m o te  sen s in g  c a m p a ig n  m o re  d e ta ile d  su rv e y s  o f  tw o  o f  th e s e  s ite s  
(L o ca litie s  3 an d  4) w ere  c o n d u c te d  to  m e a su re  v a r ia tio n s  in  fe a tu re  ty p e  w i th  g ra d ie n t.
In  2013 a seco n d  e x p e d itio n  w as c o n d u c te d  to  e x a m in e  th e  s ite s  w h ic h  h a d  n o t  b een  
s tu d ie d  in  d e ta il in  2012, in  p a r tic u la r  lo ca litie s  o n e  a n d  tw o . T h e  2013 su rv e y  in c lu d e d  
th e  u se  o f  structure fro m  motion  P h o to g ra m m e try  (S fM )  (W e s to b y  e t al., 2012); an  
e f f ic ie n t te c h n iq u e  fo r b u ild in g  D ig ita l  E le v a tio n  M o d e ls  (D E M s )  o f  c e n tim e tre  to  
d e c a m e tre  scale la n d fo rm s  in  th e  fie ld  u s in g  p h o to g ra p h s  ta k e n  f ro m  d if fe re n t  an g les .
T h e  p u rp o se  o f  th e  s tu d y  w a s  p r im a r i ly  to  p ro d u c e  a se t o f  h ig h e r  re s o lu tio n  d a ta  th a t  
w o u ld  c o m p le m e n t th e  ae ria l p h o to g ra p h s , b u t  a lso  to  te s t  th e  r e l ia b ili ty  o f  th e  structure  
fro m  motion  te c h n iq u e  as a s im p le  to o l fo r  g e o m o rp h o lo g y  re se a rc h  in  th e  f ie ld . T h e  
o r ig in a l in te n t io n  w as  to  m a k e  h ig h  re so lu tio n  D E M s  o f  fe a tu re s  a t lo c a lity  tw o , w h ic h  
c o u ld  be d ire c tly  c o m p a re d  to  th e  ae ria l p h o to g ra p h s  f ro m  th e  p re v io u s  y e a r. 
R e g re tta b ly , h e a v y  sn o w  co v e r p re v e n te d  su rv e y in g  o f  th e  s u m m it o f  T in d a s to ll .  F ive
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sites lo w e r  d o w n  th e  m o u n ta in  w ere  su rveyed ,  b u t  th e  m e t re  scale fea tu res ,  w h ic h  fo rm  
th e  focus o f  th e  an a ly s is  o f  th e  aeria l p h o to g ra p h s  w ere  inaccessib le .
F ig u re  4.9: C h a n g in g  c o n d itio n s  o n  th e  s u m m it o f  T in d a s to ll . T h e  2012 im ag e  sh o w s a
n e t  o f  m e tre  scale so rte d  p a tte rn e d  g ro u n d  a t th e  su m m it;  fe a tu re s  a re  1 to  3 m  in  
d ia m e te r . T h e  2013 im ag e  w as ta k e n  a t a lo w e r p o in t o n  th e  h ill, o n  th e  a p p ro a c h  to  th is  
s ite , w h ic h  co u ld  n o t  be re ach ed  d u e  to  deep  sn o w  a n d  lo w  v is ib ility .
A  n u m b e r  o f  back  up  sites h ad  b e e n  id en t i f ied  in  case o f  th i s  c o n t in g e n c y  d u r in g  the  
r e c o n n a is sa n c e  su rv ey s  o f  th e  p rev io u s  year .  T h e s e  s ites had  tw o  d isad v an tag es ;  f i rs t ly  
t h e y  m o s t ly  fell o u ts ide  th e  area covered  b y  th e  re m o te  sen s in g  data , an d  so w o u ld  n o t  
p ro v id e  h ig h e r  re so lu t io n  im ages  o f  th e  sam e  fea tures ,  a n d  second ly  th e  fea tu re s  located  
b e lo w  th e  sn o w lin e  w e re  p r e d o m in a n t ly  c e n t im e t re  scale p a t te rn e d  g ro u n d .  Such  
fe a tu re s  are less d irec t ly  co m p arab le  to  th e  sorts  o f  p a t te rn s  obse rved  o n  th e  m a r t i a n  
surface .
D e s p i te  th e se  se tbacks  th e  d a ta  co llec ted  p ro v id e d  a w id e  ran g e  o f  ex a m p le s  o f  th e  sorts  
o f  s t ru c tu re s  th a t  w o u ld  be exp ec ted  to  occu r  in  a m a r t i a n  perig lac ia l  e n v i r o n m e n t  an d  
ca n  be u sed  to  d e te rm in e  w h a t  w o u ld  be expec ted  to  be seen in  H iR I S E  im ages  o f  M a rs  
an d  w h a t  w o u ld  be b e low  th e i r  re so lu t io n .
4.3.1 Structure from M otion Survey
S t ru c tu re  f ro m  m o t io n  is a p o w e r fu l  p h o to g r a m m e t r y  te c h n iq u e  w h ic h  can  be used  to  
c o n s t ru c t  a th r e e  d im e n s io n a l  m o d e l  u s in g  a series o f  p h o to g ra p h s ,  w i th o u t  n eed in g  to
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know  the exact position from  w hich each photograph was taken. T he aim  of th is 
section of the field project was to digitise large areas of patterned ground using 
Structure from Motion for analysis in a v irtual environm ent. A  variety  of analyses were 
applied to both aerial survey data and m artian  rem ote sensing. T he structure from motion 
technique can be used to produce comparable datasets covering small scale features at a 
m uch higher resolution. T his allows a direct comparison to be made.
T his technique has applications for both terrestrial fieldwork and planetary  science. 
G round tru th  data play an im portan t role in the analysis o f rem otely sensed images, 
however they  are impossible to acquire for m ost parts of M ars. T he only close 
observations of the m artian  surface come from  a handful o f landers and rovers. 
Photogram m etry techniques can be used to collect data on M ars w hich can then  be 
analysed on Earth, w hich is considerably easier than  attem pting to m ake m easurem ents 
using a rover. Stereo photographs are used by the current generation o f M ars 
exploration rovers. N ew  techniques such as th is could be added to the  resources 
available for fu ture missions. H ow ever structure from  m otion is a relatively  new  
technique, it is therefore im portan t to assess w hether large patches o f small, centim etre 
scale features can be digitised reliably.
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F ig u re  4.10: I l lu s tra t io n  o f  th e  d ig ita l m o d e l an d  re su ltin g  O r th o p h o to s  a n d  D E M s 
p ro d u c e d  b y  th e  S tru c tu re  f ro m  M o tio n  so ftw a re  fo r  s ite  11. a-c) In p u t fie ld  
p h o to g ra p h s , d ) 3d m o d e l o f  s tu d y  site , e ) O r th o p h o to , f)  D ig ita l  E le v a tio n  m o d el.
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4-3-2 S tru c tu re  f ro m  M o tio n  B ack g ro u n d
T h e  Structure from motion (S fM )  p h o to g ra m m e try  te c h n iq u e  u ses  a la rg e  n u m b e r  o f  
im ag es o f  th e  sam e ob jec t o r  p lace  ta k e n  f ro m  d if fe re n t p o s itio n s . B y  f in d in g  m a tc h e s  
b e tw e e n  th e  p h o to g ra p h s  a th re e  d im e n s io n a l m o d e l o f  th e  ob jec t c an  be c o n s tru c te d . 
B y u s in g  a la rg e  n u m b e r  o f  im ag es  th is  sy s te m  c an  re c o n s tru c t  th e  o b jec t w ith o u t  
k n o w in g  th e  p o s itio n s  f ro m  w h ic h  th e  p h o to g ra p h s  w e re  ta k e n , as th is  c a n  b e  so lv ed  as 
p a r t  o f  th e  p ro cess  (W e s to b y  e t al., 2012). T h is  m a k e s  it  a v e ry  q u ic k  an d  ea sy  te c h n iq u e  
fo r u se  in  th e  fie ld  as w a lk in g  a ro u n d  a n  ob jec t ta k in g  a few  te n s  o f  p h o to g ra p h s  f ro m  
d if fe re n t an g les  is su ff ic ie n t to  c o n s tru c t a D ig ita l  E le v a tio n  M o d e l (D E M ), th e  
re so lu tio n  o f  w h ic h  is d e te rm in e d  b y  th e  re so lu tio n  o f  th e  im ages.
T h e  m a in  a d v a n ta g e  o f  S fM  te c h n iq u e s  is th a t  ex p e n s iv e  sp e c ia lis t e q u ip m e n t is n o t  
req u ire d . Im ag es  c an  be acq u ired  u s in g  a n y  c o m m e rc ia lly  av a ilab le  d ig ita l c a m e ra  a n d  
th e  p h o to g ra p h s  do  n o t  n eed  to  be c a re fu lly  p o s it io n e d  so lo n g  as su ff ic ie n t co v e rag e  is 
acq u ired . T h e  e x ac t p o s itio n  o f  th e  cam eras  n eed  n o t  be reco rd ed ; m a k in g  th e  u se  o f  
im ag es  c a p tu re d  b y  U n m a n n e d  A e ria l V e h ic le s  (U A V s )  m o re  re liab le  (F o n s ta d  e t al., 
2013).
M a n y  re se a rc h e rs  are  a p p ly in g  Structure from Motion te c h n iq u e s  to  g e o m o rp h o lo g ic a l 
(F o n s ta d  e t al., 2013; W e s to b y  e t al., 2012), geo log ica l (T a v a n i  e t al., 2014) a n d  
a rch aeo lo g ica l re se a rc h  (H e sse , 2014; K o u tso u d is  e t al., 2014). S u rv e y s  h a v e  b e e n  
co n d u c te d  u s in g  b o th  g ro u n d  b ased  im ag es  a n d  th o se  acq u ire d  f ro m  U A V s , w i th  
re su lts  co m p a ra b le  to  th o se  acq u ired  b y  m o re  t ra d it io n a l  L iD A R  s u rv e y s  o r  la se r  
sc a n n in g  te c h n iq u e s  (F o n s ta d  e t al., 2013).
Structure from Motion h a s  b een  u sed  to  a u g m e n t re m o te ly  sen sed  d a ta s e ts  b y  
in c o rp o ra tin g  h ig h  re s o lu tio n  g ro u n d  based  o b se rv a tio n s  o f  s ite s  w h ic h  a re  o n ly  im a g e d  
a t low  re so lu tio n s  b y  sa te llite  an d  a e ria l im a g e s  (H e sse , 2014). A  s im ila r  m e th o d o lo g y
w ill be u sed  in  th is  in v e s tig a tio n  w ith  structure from motion b e in g  u sed  to  g e n e ra te  h ig h  
re so lu tio n  o r th o p h o to s  th a t  w ill a llo w  g ro u n d  based  o b se rv a tio n s  to  be su rv e y e d  an d  
an a ly se d  in  th e  sam e m a n n e r  as d a ta  f ro m  th e  ae ria l su rv ey s . Structure from motion th u s  
h a s  th e  p o te n tia l  to  d ra m a tic a lly  speed  u p  su rv e y in g .
D E M s  a n d  o r th o p h o to s  o f  so rted  fo rm s  can  be u sed  to  m e a su re  a v a r ie ty  o f  p ro p e rtie s  
o f  th e  so rted  c irc le ’s s tru c tu re  w h ic h  w o u ld  n o rm a lly  be m e a su re d  in  th e  field ; c last 
s ize , sh ap e  an d  a r ra n g e m e n t, th e  h e ig h t an d  w id th  o f  coarse  d o m a in s , th e  su rface  area 
o f  f in e  d o m a in s  a n d  th e  o r ie n ta t io n  an d  e lo n g a tio n  o f  so rted  fo rm s . A ll o f  th ese  
m e a s u re m e n ts  can  be m a d e  in  s itu  in  th e  fie ld , b u t  are  tim e  c o n su m in g .
T a k in g  p h o to g ra p h s  o f  fe a tu re s  is fa s t an d  in e x p e n s iv e , a n d  a llo w s all o f  th e se  
m e a s u re m e n ts  to  be m a d e  a t a la te r  da te , a n d  in  a m o re  e f f ic ie n t v ir tu a l  e n v iro n m e n t. 
C o n se q u e n tly , th is  te c h n iq u e  cou ld  be v e ry  v a lu ab le  in  a llo w in g  fa r  m o re  s ite s  an d  
la n d fo rm s  to  be reco rd ed  o v e r  th e  co u rse  o f  a d a y  in  th e  fie ld  th a n  w o u ld  o th e rw ise  be 
th e  case. T h is  cou ld  p ro v e  u se fu l fo r  lo n g  te rm  m o n ito r in g  c a m p a ig n s  w h e re  th e  sam e 
fe a tu re s  n e e d  to  be e x a m in e d  re p e a te d ly  o v e r a n u m b e r  o f  y ea rs . D E M s  an d  
o r th o p h o to s  c an  be p ro d u c e d  f ro m  fie ld  p h o to g ra p h s  a n d  th e n  co m p ared  w i th in  a G IS  
to  m e a su re  v a r ia tio n s  in  s tru c tu re  an d  size  o v e r th a t  tim e .
T h is  a p p ro a c h  h as  re c e n tly  b een  ap p lied  to  so rte d  p a tte rn e d  g ro u n d  in  S v a lb a rd  b y  
K aab  e t al., (2014). T h e y  u sed  e x is tin g  fie ld  p h o to g ra p h s  ta k e n  sev era l y ea rs  a p a r t to  
g e n e ra te  tw o  d ig ita l te r ra in  m o d e ls  a n d  th e n  a n a ly sed  th e  m o v e m e n ts  o f  p a rtic le s  a t th e  
s ite  o v e r th is  p e rio d  o f  tim e . T h e y  d e te rm in e d  th a t  f in e  d o m a in  m a te r ia l  w a s  b e in g  
m o v e d  o u tw a rd s , a n d  co arse  d o m a in  m a te r ia l  b e in g  m o v e d  in w a rd s , an d  th a t  th e  ra te  o f  
m o v e m e n t w a s  th e  sam e  fo r  b o th , a p p ro x im a te ly  2 c m  y r ’\  T h e ir  m e th o d o lo g y  d id  n o t  
in fo rm  th is  p ro jec t, s in ce  th e i r  re se a rc h  w as p u b lish e d  a f te r  th e  c o m p le tio n  o f  th e  fie ld  
ca m p a ig n s . H o w e v e r  it  w o u ld  be  a u se fu l te m p la te  fo r  fu tu re  re se a rc h  in to  th is  area.
4 -3*3 S u rv e y in g  P ro c e d u re
D u rin g  th e  2013 su rv e y  31 s ite s  w e re  e x a m in e d  an d  p h o to g ra p h ic  d a ta se ts  fo r  use  w ith  
th e  SfM  te c h n iq u e  w e re  co llec ted . O n  th e  f irs t  d ay  o f  th e  su rv e y  a n u m b e r  o f  base 
s ta tio n s  w e re  se t u p  in  p ro x im ity  to  each  su rv e y  s ite . T h e  p o s itio n s  o f  th e se  w e re  
p rec ise ly  m e a su re d  re la tiv e  to  a base  s ta tio n  se t u p  o n  th e  tr ia n g u la t io n  p illa r  in  lo c a lity  
fo u r. E ach  base  s ta t io n  w a s  m a rk e d  w ith  a peg  so th a t  a G P S  re c e iv e r  co u ld  be p laced  a t 
th e  sam e site  re p e a te d ly  th ro u g h o u t th e  fie ld  cam p a ig n .
A  G P S  ro v e r  o n  a su rv e y in g  s ta f f  w as  th e n  ta k e n  to  th e  su rv e y  s ite s  a n d  u sed  to  m a k e  
in-situ m e a su re m e n ts . T h e  m o s t im p o r ta n t  o f  th e se  w e re  to  e s ta b lish  g ro u n d  c o n tro l fo r  
th e  SfM  d a ta  sets. A t  each  s ite  w h e re  SfM  w as to  be u sed  a se t o f  a t le a s t s ix  pegs w ere  
p laced  in  th e  g ro u n d  a t th e  p e r ip h e ry  o f  th e  fe a tu re s  b e in g  im ag ed . T h e  p o s it io n  o f  each  
peg  w as th e n  reco rd ed  w ith  th e  G P S  so th a t  th e se  c o o rd in a te s  co u ld  be u sed  to  
g eo re fe ren ce  th e  re su ltin g  D E M . T h e s e  p o in ts  a lso  a llo w  th e  g ra d ie n t o f  th e  u n d e r ly in g  
slope  a t each  site  to  be c a lcu la ted  u s in g  A rc G IS . T h e se  d a ta  w e re  u se fu l in  c o m p a rin g  
th e se  s ite s  to  th o se  e x a m in e d  in  2012 w h e re  s im ila r  m e a s u re m e n ts  o f  g ra d ie n t w e re  
m ad e .
A  scale b a r w as a lso  p laced  in  th e  a p p ro x im a te  c e n tre  o f  th e  c irc le  a n d  th e  p o s itio n  o f  
th is  w as also  reco rd ed  to  a ss is t in  g e o re fe ren c in g  th e  f in a l D E M . T h e  s ite  w as  th e n  
p h o to g ra p h e d  f ro m  all an g les  w ith  su ff ic ie n t o v e rlap  fo r  th e  im ag es  to  be m a tc h e d .
I t  w as d ec id ed  th a t  in d iv id u a l p h o to g ra p h s  sh o u ld  be ta k e n , u s in g  a good  q u a lity  
cam era . A n o th e r  a lte rn a tiv e  w o u ld  h a v e  b e e n  to  re c o rd  v id eo  in  th e  fie ld  w h ic h  co u ld  
th e n  be b ro k e n  d o w n  in to  its  c o n s ti tu e n t  f ra m e s  fo r  u se  w i th  SfM.  T h e  la t te r  w o u ld  
h a v e  b een  fa s te r  in  th e  fie ld , b u t ta k in g  in d iv id u a l p h o to g ra p h s  a llo w s  fo r  fo c u s in g  a n d  
a lig n in g  th e  im ag es a n d  so p ro d u ces  a b e tte r  m o d e l. T h re e  c a m e ra s  w e re  ta k e n  in to  th e  
fie ld . A  P a n a so n ic  G i m ic ro  4 /3 , 12 m e g a p ix e l c am era  w a s  u se d  fo r  th e  m a jo r i ty  o f  th e
in
su rv e y in g , b u t  b o th  team , m e m b e rs  also  ca rr ie d  c a n o n  iX U S  70, 7 m e g a p ix e l cam eras  
w h ic h  w ere  u sed  to  ta k e  c o n te x t p h o to g ra p h s  a n d  as a b ack  u p  o n  o ccasio n s w h e n  th e  
p r im a ry  c a m era  re q u ire d  rech a rg in g .
T h e  p r im a ry  cam era  h a d  a i4 '4 5 m m  f/3 .5  z o o m  lens, f i t te d  w ith  a c irc u la r  p o la ris in g  
f ilte r . Im a g e s  w e re  ta k e n  o n  th e  w id e  an g le  se tt in g  o f  14 m m  (e q u iv a le n t to  a 28m m  
len s  o n  a 35m m  fra m e ). N o  f ilte rs  w e re  u sed  o n  th e  C a n o n  cam eras, an d  ag a in  th ese  
w ere  u sed  o n  th e  w id e s t an g le  s e ttin g  o f  5 .8m m  (a g a in  e q u iv a le n t to  2 8m m  o n  a 35m m  
fra m e ) . In  b o th  cases a n  IS O  speed  o f  100A SA  w as set. F o r th e  m ic ro  4 /3  im ages, th e se  
w ere  co llec ted  as R A W  fo rm a t files, a n d  p ro cessed  to  J P G  fo rm a t u s in g  S ilk y P ix  
so ftw a re .
It was found tha t the m ore photographs taken the better the resulting model. A t least 
forty  photographs were acquired for the m ajority of sites and m any m ore were taken at 
some locations. Detailed photographs of the structures being exam ined were also taken 
to compare w ith  the results of the SfM  and to  test the  reliability of the  m ethod.
T he GPS data were processed using Leica Geo Office software. T he position of the 
base station was used to  correct the rover position m easurem ents, producing values 
w ith  centim etre scale precision. Several test models, were produced while in the field to 
check tha t the approach was valid, w ith  the rest being processed after the field 
cam paign had finished.
4.3.4 R e lia b ility  o f  th e  S fM  M e th o d
It was found th a t some datasets produced better results than  others. Large scale features
were easier to  image than  sm aller scale structures. A lthough lots of fine detail was
p re se rv e d  in  th e  f in ish e d  m o d e ls  m a n y  e x h ib ite d  s ig n if ic a n t d is to r tio n  a t th e  cm  scale.
T h e  c e n tre  o f  th e  site , w h e re  th e  m a jo r ity  o f  th e  im ag es o v erlap , w ill a lw ay s  h a v e  th e
b e s t re s u lt  in  te rm s  o f  b o th  re s o lu tio n  an d  lack  o f  d is to r tio n . T h e  fu r th e r  f ro m  th e
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centre, fewer images can be used to reconstruct the model and the greater the d istortion 
of features becomes. Consequently, in order to cover wide areas at high resolution, the 
site should be broken down into a large num ber o f circular areas, each of w hich should 
be imaged and processed separately. Some sites w ith  fairly uniform  features were 
harder to reliably image than  those w ith  m ore varied terrain. Several datasets could not 
be m atched sufficiently to produce a w orking model.
Some sites produced m uch better results th an  others. Several sites had considerable 
distortion even in the  centre of the field and th is m ay be due to inaccuracy in the  
m arking o f the ground control points during m odel construction. O n  some of the  larger 
sites it was impossible to include all of the m arkers w ith in  each photograph and th is 
m ay have contributed to the difficulty in precisely georeferencing these sites. In  fu ture 
investigations o f this sort it is recom m ended tha t a larger num ber of small sites should 
be surveyed rather than  fewer larger areas. N one of the models produced was as good 
quality as a panoram a of images taken from  directly above, but the ease of 
georeferencing the resulting model was o f use.
T he positions of clasts w ith in  a study area could be digitised reliably from  structure 
from  m otion models. But it was concluded tha t the possibility o f distortion w ith in  the 
m odel made it impossible for a reliable assessm ent of clast shape to be m ade at the 
centim etre scale. T his would probably be less of an issue w here larger scale features, 
w ith  greater topographic relief are imaged. T he fact that very small features were 
exam ined in this survey probably detracted from  the usefulness o f the resulting dataset. 
Small features have insufficient relief to allow easy m atching of photographs to be 
conducted. It would be interesting to attem pt a sim ilar survey using a U A V  or camera 
m ounted on a long staff in order to produce SfM  photo sets containing m ore dow n
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p o in tin g  im ag es  in  a d o m e o v e r  th e  fe a tu re s  to  be su rv ey ed , r a th e r  th a n  re ly in g  o n  
g ro u n d  b ased  p h o to g ra p h s  in  a r in g .
4.4 Results
In  th is  se c tio n  th e  re su lts  o f  sev e ra l s tu d ie s  in to  th e  m o rp h o lo g y  an d  d is t r ib u t io n  o f  
so r te d  fe a tu re s  a re  p re se n te d . S ec tio n  4 .4  p re se n ts  a c o m p a riso n  b e tw e e n  su rv e y s  o f  th e  
re m o te ly  sen sed  d a ta  an d  g ro u n d  t ru th .  T h is  in c lu d es  a n  a n a ly s is  o f  th e  re la tio n sh ip  
b e tw e e n  th e  e lo n g a tio n  o f  p o ly g o n a l s tru c tu re s  a n d  th e  u n d e r ly in g  g ra d ie n t. S ec tio n s  
4 .5 '4 .6  p re s e n t th e  sch em e b y  w h ic h  th e se  fe a tu re s  w e re  c la ssified . F in a lly  S e c tio n  4.7 
d e ta ils  th e  a p p lic a tio n  o f  a n  A verage N earest N eighbour a n a ly s is  to  sev era l s ite s  to  
d e te rm in e  w h e th e r  th is  s ta tis t ic a l  a p p ro a c h  can  be u sed  to  d e te rm in e  w h e th e r  th e  
d is tr ib u tio n  o f  b o u ld e rs  a ro u n d  so rted  p a tte rn e d  g ro u n d  is s ig n if ic a n tly  d if fe re n t f ro m  a 
ra n d o m  d is tr ib u tio n . T h e se  ap p ro ach es  d e m o n s tra te  a v a r ie ty  o f  c rite r ia  w h ic h  can  be 
u sed  to  assess  th e  lik e lih o o d  th a t  m a r t ia n  fe a tu re s  fo rm e d  as a re s u lt  o f  p e rig lac ia l 
p rocesses.
4.4.1 E x a m in a t io n  o f  A e r ia l P h o to g ra p h s  an d  c o m p a r iso n  to  g ro u n d  t r u t h
O f  th e  v a r io u s  d a ta  co llec ted  d u r in g  th is  p ro je c t th e  ae ria l p h o to g ra p h s  o f  T in d a s to ll  a re  
th e  m o s t d ire c tly  co m p arab le  w i th  m a r t ia n  re m o te  sen s in g  d a ta . T h e y  h a v e  a re so lu tio n  
o f  15 cm  p e r  p ix e l, s lig h tly  b e t te r  th a n  th e  25 cm  p e r p ix e l re so lu tio n  o f  th e  H iR IS E  
in s tru m e n t  o n  M a rs  R eco n n a issa n c e  O rb ite r . H o w e v e r  th e  sizes o f  th e  c la s ts  an d  
n e tw o rk s  a re  n o t  th e  sam e, th e  la rg e s t b o u ld e rs  o n  T in d a s to l l  are  so m e w h a t sm a lle r  
th a n  th e i r  m a r t ia n  a n a lo g u es  a n d  th e  n e tw o rk s  th e y  fo rm  are  n o t  as w id e . 
C o n se q u e n tly , a s im ila r  a m o u n t o f  d e ta il c an  be seen  in  th e  te r re s tr ia l  im ag es as in  th e i r  
m a r t ia n  e q u iv a le n ts  d e sp ite  th e  d iffe re n c e  in  scale o f  b o th  th e  fe a tu re s  an d  th e  sm a lle s t 
re so lv ab le  ob jec ts .
T h e  ae ria l p h o to g ra p h s  w ere  su rv ey ed  u s in g  th e  sam e  p ro to c o ls  th a t  a re  u sed  w h e n  
e x a m in in g  m a r tia n  im ag es  (d e ta ile d  in  C h a p te r  S ix ) . T h e  im ag es  w e re  lo ad ed  in to  
A rc G IS  an d  w e re  in sp e c te d  m a n u a lly . A reas  w h e re  th e  p a tte rn s  o f  b o u ld e rs , o r 
v a r ia tio n s  in  a lbedo , su g g ested  th e  p re sen ce  o f  a c la stic  n e t  w e re  m a rk e d . T h is  p ro d u ced  
a sh ap e  file  o f  s ite s  w i th  p u ta tiv e  so rte d  p a tte rn e d  g ro u n d . L obate  s tru c tu re s  th a t  cou ld  
be in d ic a tiv e  o f  so lif lu c tio n  p ro cesses  w e re  a lso  m a rk e d .
T h e  d is tr ib u tio n  o f  p o ss ib le  p e rig lac ia l fe a tu re s  in  th e  re m o te  sen s in g  d a ta  w as  th e n  
c o m p a re d  to  th e  G P S  tra c k s  in d ic a tin g  th e  ro u te  ta k e n  th ro u g h  th e  fie ld  d u rin g  th e  
re c o n n a is sa n c e  su rv e y  a n d  th e  a p p ro x im a te  lo c a tio n s  o f  th e  fie ld  p h o to g ra p h s . T h is  
c o n firm e d  th a t  th e  fe a tu re s  o b se rv ed  in  th e  re m o te  sen s in g  su rv e y  d id  c o rre sp o n d  to  
th e  lo c a tio n s  o f  p e rig lac ia l fe a tu re s  o b se rv ed  in  th e  fie ld . F ig u re  4.11 sh o w s th e  
d is tr ib u tio n  o f  so rted  p a tte rn e d  g ro u n d  a n d  so lif lu c tio n  fe a tu re s  across th e  
so u th e rn m o s t p a r t  o f  T in d a s to ll ,  th e  area  v is ite d  d u r in g  th e  fie ld  c a m p a ig n .
T h e  area  w as  th e n  e x p an d ed , w i th  a ran g e  o f  p u ta tiv e  p e rig lac ia l fe a tu re s  b e in g  m a rk e d  
o n  a reas  o f  th e  h ills id e  n o t  v is ite d  d u r in g  th e  fie ld  c a m p a ig n . T h e  a s se s sm e n t th a t  th e y  
are  lik e ly  to  e x h ib it  so rte d  p a tte rn e d  g ro u n d  is b ased  e n tire ly  o n  th e  re m o te  se n s in g  
d a ta  a n d  th e  o b se rv a tio n s  o f  F e u ille t e t al., (2012). S in ce  th e se  fe a tu re s  are  
m o rp h o lo g ic a lly  s im ila r  to  th o se  o b se rv ed  in  th e  so u th e rn  p a r t  o f  th e  h ills id e  it  c an  be 
c o n c lu d ed  w ith  so m e c o n fid e n c e  th a t  th e y  are  e x a m p le s  o f  so r te d  p a tte rn e d  g ro u n d . 
O c c u rre n c e s  o f  so rted  p a tte rn e d  g ro u n d  a n d  so lif lu c tio n  lob es a re  d isc u sse d  in  m o re  
d e ta il be low .
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1 K ilo m etres
★ Sorting 
A  Lobes
  2013 Tracks
  2012 Tracks
F ig u re  4.11: T h e  s u m m it o f  T in d a s to l l  M a s s if  sh o w in g  th e  ro u te s  ta k e n  d u r in g  th e  
su rv e y s  in  2012 a n d  2013 a n d  th e  lo c a tio n  o f  v a r io u s  so rte d  an d  lo b a te  fea tu re s .
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N   2013 Tracks
  2012 TracksA ★ Sorting Location of fig. 4.105 Kilometres A  Lobes
F ig u re  4.12: M a p  o f  th e  s u m m it o f  T in d a s to ll  M a ss if . B lack  s ta rs  in d ic a te  lo c a tio n s  
w h e re  so rte d  p a tte rn e d  g ro u n d  c an  be seen  in  th e  ae ria l p h o to g ra p h s , w h ile  re d  
tr ia n g le s  in d ic a te  lo c a tio n s  w h e re  so lif lu c tio n  lobes a re  b e lie v e d  to  be p re s e n t.
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4 *4*2 Sorted Patterned Ground
N Credit: NERCARSF 
30 m
F ig u re  4.13: S o rte d  p a tte rn e d  g ro u n d  o n  th e  su m m it  o f  T in d a s to ll
T h e  re c o n n a is sa n c e  su rv ey  o f  th is  site p ro v id es  g ro u n d  t r u t h  fo r  th e  v a r ie ty  o f  fea tu res
loca ted  th e re  th ro u g h  d irec t  o b se rv a t io n s .  Large so r ted  n e ts  c lear ly  cover  m u c h  o f  th e  
h i l l to p  w i t h  sm a lle r  scale p a t te rn e d  g ro u n d  be ing  u b iq u i to u s  on  u n v e g e ta te d  surfaces .  
H ig h  o n  th e  hill  large n e ts  d o m in a te .  E x a m p le s  o f  b o th  so r ted  p o ly g o n s  an d  s tr ipes  
w e re  obse rved .  A t  lo w e r  e leva tions ,  w h e re  large n e ts  are less w e ll-deve loped ,  th e re  are 
f r e q u e n t  in s ta n c e s  o f  b e t te r  deve loped  c e n t im e t re  scale fea tu re s  n e s te d  w i th in  th e  larger 
m e t r e  scale s t ru c tu re s .  H o w e v e r  th e se  sm all  scale fea tu res  are w ell  be low  th e  re so lu t io n  
o f  th e  aeria l  p h o to g ra p h s .  F ro m  th e  air, these  sites do n o t  re sem b le  a so r ted  n e t  to  th e  
s am e  degree.
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F ig u re  4.14: a) M e tre  scale so r te d  p a tte rn e d  g ro u n d  o n  T in d a s to ll ,  N o r th e r n  Ice lan d . 
T h is  c irc le  is a p p ro x im a te ly  1.5 m  acro ss  a n d  c o n s is ts  o f  a f in e  d o m a in  m a d e  u p  o f  s ilt 
a n d  g rav e l s ized  p a rtic le s , s u r ro u n d e d  b y  a co arse  d o m a in  c o n s is tin g  o f  cobb le  to  
b o u ld e r  s ized  m a te r ia l, b ) P o ssib le  so rte d  s tr ip e s  a t th e  sam e site . S tr ip e s  o f  b o u ld e rs  
o ccu r 1-3 m  a p a r t  a l te rn a tin g  w i th  b a n d s  o f  f in e r  m a te r ia l. T h e s e  s tr ip e s  a p p e a r to  be 
o r ie n ta te d  o r th o g o n a l to  th e  d o w n slo p e  d ire c tio n .
N Credit: NERC ARSF 
A  25 m
F ig u re  4.15: S o rte d  s tr ip e s  o n  s u m m it o f  T in d a s to ll  (d o w n h ill  is  to w a rd s  th e  b o t to m  o f  
th e  im ag e  w h e re  th e  to p  o f  a g u lly  a lcove ca n  be seen ).
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N Credit: NERCARSF
F ig u re  4.16: A n  irre g u la r  so rted  n e tw o rk  c o n s is tin g  o f  a v a r ie ty  o f  p o ly g o n a l s tru c tu re s , 
a n d  sev era l p o ssib le  s tr ip e s  o n  th e  r ig h t  h a n d  side o f  th e  im age.
Large b o u ld e rs  can c lear ly  be seen  in  th e  re m o te  sens ing  im ages, and  in  som e  cases 
a p p e a r  to  fo rm  a d is c o n t in u o u s  ne t.  H o w e v e r  in  F igure  4.16 th e  c lear po ly g o n a l  
s t ru c tu re s  s h o w n  in f igu re  4.13 are n o t  as ap p a re n t .  T h i s  site w as  v is i ted  d u r in g  th e  2012 
e x p e d i t io n  so so r ted  p a t te rn e d  g ro u n d  is k n o w n  to  be p re se n t  th e re .  H o w e v e r ,  it is n o t  
as ea sy  to  see in  th e  a ir  p h o to g ra p h s .  W e r e  it n o t  fo r  th e  g ro u n d  t r u th  o b se rv a t io n s  
th e se  s ites  m ig h t  n o t  be c lassif ied  as be ing  p u ta t iv e  perig lac ia l  fe a tu re s  at all. A  m u c h  
la rg e r  area  o f  th e  h il ls ide  is covered  in  so r ted  p a t te rn e d  g ro u n d  th a n  is a p p a re n t  f ro m  
th e  aeria l  p h o to g ra p h s .  F igure  4.12 d e m o n s t r a te s  th a t  areas  th a t  could  be co n f id e n t ly  
id e n t i f ie d  as p a t te rn e d  g ro u n d  w ere  m u c h  few er  in  areas th a t  lacked in  s itu  
o b se rv a t io n s .
C e n t im e t r e s  scale fea tu re s  are th e  m o s t  c o m m o n  v a r ie ty  o f  p a t te rn e d  g ro u n d  across th e  
S k a g a f jo rd u r  reg ion . T h e y  are fo u n d  o n  m o s t  p a tch es  o f  u n -v e g e ta te d  g ro u n d .  Larger 
f e a tu re s  o n ly  a p p ea r  at a few  h ig h  e lev a t io n  sites b o th  o n  T in d a s to l l  a n d  o n  th e  tops  o f
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som e  o f  th e  m o u n ta in s  to  th e  east o f  th e  fjord. T h e s e  are th e  p a r ts  o f  th e  fjo rd  th a t  
e x p e r ien ce  th e  g rea tes t  t e m p e ra tu re  c o n tra s t  and  w h e re  th e  m o s t  u n d i s tu r b e d  m a te r ia l  
in  th e  d e c im e tre  to  m e t r e  size ran g e  is to  be found .
F ig u re  4.17: C e n tim e tre  scale so rte d  circ les. H ig h  c e n tre d  d o m a in s  o f  s ilt  a n d  san d  
( a p p ro x im a te ly  20 c m  ac ro ss) a re  su rro u n d e d  b y  b a n d s  o f  p eb b le s  a n d  sm a ll cobb les.
T h e se  fe a tu re s  a re  fo u n d  w i th in  la rg e r  b a n d s  o f  b o u ld e r  s ized  m a te r ia l , in d ic a t in g  th a t  
so r tin g  o ccu r a t a v a r ie ty  o f  scales. P a n e ls  a ) a n d  b )  sh o w  a m ix tu re  o f  w id e  a n d  n a r ro w  
coarse  d o m a in s , c) n a rro w  co arse  d o m a in s  a n d  d ) w id e  co a rse  d o m a in s .
I n  s u m m a r y  th e  su rv e y  c o n f i rm e d  th a t  th e  so r ted  fea tu re s  v is ib le  in  th e  aeria l  
p h o to g ra p h s  d id  c o r re sp o n d  to  lo ca tions  w h e re  e x te n s iv e  a n d  large scale so r ted  
n e tw o rk s  w ere  p re se n t  o n  th e  g ro u n d ,  b u t  th a t  a large n u m b e r  o f  p e r ig lac ia l  fe a tu re s  
w e n t  u n o b se rv ed .  C o n s e q u e n t ly ,  w e  can  con c lu d e  th a t  w h e n  lo o k in g  fo r  a p e r ig lac ia l  
e n v i r o n m e n t  o n  M a rs  th e  m a jo r i ty  o f  th e  fea tu re s  o f  in te re s t  w il l  be  b e lo w  th e  
re s o lu t io n  o f  th e  im ages.  O n l y  th e  u n u s u a l ly  large fea tu res ,  in  th e  lo c a t io n s  w i t h  th e  
m o s t  e x t r e m e  c o n d i t io n s ,  w ill  be de tec tab le .  T h e s e  w il l  n o t  be c o m m o n .
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4*4*3 S o lif lu c tio n  F ea tu re s
A  la rg e  n u m b e r  o f  p u ta tiv e  so lif lu c tio n  lobes w e re  lo ca ted  in  th e  ae ria l p h o to g ra p h s  and  
L ID A R  D T M , m a in ly  o n  th e  s teep e r slopes a ro u n d  th e  p e r ip h e ry  o f  th e  su m m it. V e ry  
few  o f  th e se  s ite s  fe ll n e a r  to  th e  tra c k s  f ro m  th e  p re v io u s  y e a r ’s e x p e d itio n , a n d  such  
fe a tu re s  h a d  n o t  been  n o te d  a t th a t  tim e . C o n se q u e n tly , i t  w as dec ided  to  v is it  severa l 
o f  th e se  lo c a tio n s  d u r in g  th e  2013 su rv e y  to  c o n f irm  th a t  so lif lu c tio n  fe a tu re s  w ere  
p re se n t.
G ra ss  co v ered  lo b a te  fe a tu re s  w ere  fo u n d  to  be p re se n t a t th e  lo c a tio n s  v is ite d ; an  e ig h t 
d eg ree  slope  o n  th e  a p p ro a c h  to  th e  su m m it o f  T in d a s to ll , a p p ro x im a te ly  840 m  above 
sea level. In  c o n tra s t  to  th e  e x a m p le s  o f  so rted  p a tte rn e d  g ro u n d , th e se  s tru c tu re s  w ere  
m u c h  eas ie r  to  d e te c t in  th e  re m o te ly  sen sed  d a ta , w h e re  th e  v a r ia tio n s  in  h e ig h t across 
th e  fe a tu re  m ap p ed  in  th e  L ID A R  D T M  p ro v id e d  a c lear im ag e  o f  b a n k s  o f  lo b a te  
s tru c tu re s  tra v e llin g  d o w n  th e  slope.
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N Credit: Susan Conway and NERC ARSF
A 100 m
F ig u re  4.18: P o ssib le  so lif lu c tio n  lobes o n  th e  h ills id e  o f  T in d a s to l l .  D o w n  slo p e  is 
to w a rd s  th e  so u th  w e s t, a) In  th e  ae ria l p h o to g ra p h s  lo b a te  s tru c tu re s  a re  v is ib le  as 
sh e e ts  o f  lig h t b ro w n  m a te r ia l  b a n k e d  w i th  s lig h tly  g re e n  edges. B ) In  th e  lo w e r 
r e s o lu tio n  L iD A R  D T M  th e  edges o f  th e  lo b a te  s tru c tu re s  c a n  b e  seen .
In  th e  field these  g rassy  b a n k s  easily  b len d ed  in to  th e  g en e ra l ly  r o u g h  to p o g r a p h y  a n d  
w ere  easy  to  m iss  w h e n  th e y  w ere  n o t  th e  focus o f  th e  in v e s t ig a t io n .  C o n s e q u e n t ly ,  it
w as  c o n c lu d ed  th a t  th e  re m o te ly  sensed  da ta  p ro v id e d  a u se fu l  too l  fo r  lo c a t in g  th i s
ty p e  o f  fe a tu re  and  th a t  t h e y  could  be d e tec ted  w i th  fa ir ly  h ig h  con f id en ce  o n  the  
m a r t i a n  surface , even  w i th o u t  g ro u n d  t ru th .
F ig u re  4.19: S o lif lu c tio n  lo b es o b se rv ed  in  th e  fie ld , th e  fo rw a rd  edge o f  th e  lobe is
m a rk e d  w i th  a b lack  line ; th e  y e llo w  a n d  g reen  pegs w ere  u sed  in  su rv e y in g  th e  s ite  an d
m a rk  th e  to p  o f  th e  rise r.
In  a d d i t io n  to  these  lobate  s t ru c tu re s  at th e  T in d a s to l l  site, several c lastic  lobes w ere  
id e n t i f ie d  o n  a h il ls ide  on  th e  Skagi P e n in s u la r  ( loca li ty  1). T h e s e  s t ru c tu re s  occu rred  
o n  a 30° slope an d  at an  e lev a t io n  o f  95 m  above sea level an d  w ere  m o rp h o lo g ic a l ly  
v e ry  d i f fe re n t  to  th o se  seen at th e  T in d a s to l l  site.
T h e  Skagi fea tu re s  co n s is ted  o n ly  o f  b o u ld e r  sized m a te r ia l  an d  w ere  largely  
o v e rg ro w n ,  sugg es t in g  th a t  th e y  had  fo rm e d  as c lastic  so l if lu c t io n  lobes, b u t  w e re  n o w  
re lic t  fe a tu re s  th a t  h a d  fo rm e d  so m e t im e  in  th e  past.  T h i s  is su p p o r te d  b y  th e  lack o f  
o th e r  ac t ive  perig lac ia l  fea tu re s  at th i s  scale in  th e  area. U n f o r tu n a t e ly  th e se  fea tu res  
are w ell  o u ts id e  th e  area covered  b y  th e  aerial p h o to g ra p h s  a n d  so c a n n o t  be e x a m in e d  
in  r e m o te ly  sensed  da ta  fo r  c o m p a r iso n  to  m o rp h o lo g ic a l ly  s im i la r  m a r t i a n  fea tu res  
su ch  as th e  loba te  s t ru c tu re s  i l lu s tra ted  in  F igure  2.5.
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F ig u re  4.20: C la s tic  lo b a te  fe a tu re  o n  steep  slope  a t th e  edge o f  th e  S k ag i P e n in s u la r  
fie ld  s ite . T h e  b o u ld e rs  ra n g e  f ro m  sev e ra l te n s  o f  c e n tim e tre s  to  m o re  th a n  a m e tre
across.
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4 -4-4 C lassify ing polygon elongation
T r a n s i t io n a l  reg io n s  w h e re  so r ted  circles o r  p o ly g o n s  b eco m e e lo n g a ted  an d  g rade  in to  
so r ted  s tr ipes  are c o m m o n  across  th e  S k a g a f jo rd u r  reg ion . F igures  4.21 and  4.22 
i l lu s tra te  tw o  su ch  sites, one  p h o to g ra p h e d  f ro m  th e  g ro u n d  an d  o n e  v is ib le  in  aerial 
p h o to g ra p h s  o f  th e  T in d a s to l l  area.
F ig u re  4.21: C e n tim e tre  scale  p a tte rn e d  g ro u n d  o n  th e  co as t to  th e  ea s t o f  S a u d a rk ro k u r .
S o rte d  s tr ip e s  a p p ro x im a te ly  2-3 c m  w id e  w ith  ra ise d  f in e  d o m a in s  t r a n s i t io n  to  
iso la te d  f in e  d o m a in s  s u r ro u n d e d  b y  g rav e l rin g s . (D ire c tio n  o f  slope is a w ay  f ro m  th e
p h o to g ra p h e r) .
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F ig u re  4.22: A e ria l p h o to g ra p h  o f  th e  s u m m it  o f  T in d a s to ll .  S o r te d  c irc le s  c a n  b e  seen  
to  b eco m e e lo n g a te d  to w a rd s  th e  c e n tre  o f  th e  im ag e  a n d  t r a n s i t io n  to  a se rie s  o f  s tr ip e s  
o n  th e  r ig h t  h a n d  side. C irc le s  a re  1-3 m  in  d ia m e te r , th e  d ire c tio n  o f  slo p e  is to w a rd s  
th e  u p p e r  r ig h t  h a n d  c o rn e r  o f  th e  im ag e  w h e re  th e  a lcove  o f  a g u lly  ca n  be  se e n  (Im a g e  
f ro m  th e  N E R C  A R S F  ae ria l su rv e y  o f  2012).
S o r ted  s tr ipes  are k n o w n  to  occu r  p re fe re n t ia l ly  o n  s teepe r  slopes w h e re a s  p o ly g o n a l  
fea tu re s  are fo u n d  o n  f la t te r  g ro u n d  ( W a s h b u r n ,  1956). I t  is be lieved  th a t  t h e  t r a n s i t i o n  
f ro m  c ircu la r  fe a tu re s  to  e lo n g a ted  p a t te rn s  is t r ig g e red  b y  inc rea se s  in  g r a d ie n t  
(K ess le r  an d  W e r n e r ,  2003; K ran tz ,  1990). O n  flat g ro u n d  h o r iz o n ta l  so r t in g  causes  
p a t t e rn s  to  e x p a n d  in  all d irec t io n s  f o rm in g  circles o r  p o ly g o n s .  H o w e v e r  as th e  
g ra d ie n t  inc reases  th e re  is a la rger  degree  o f  m o v e m e n t  d o w n  slope, le a d in g  to  
e lo n g a t io n  o f  p o ly g o n a l  p a t te rn s  an d  a t r a n s i t io n  f ro m  p o ly g o n s  to  s tr ipes  (K e ss le r  a n d  
W e r n e r ,  2003; K ra n tz ,  1990). T h e  t r a n s i t io n  b e tw e e n  these  tw o  fe a tu re  ty p e s  u s u a l ly  
o ccurs  o n  slopes o f  th re e  to  seven  degrees  ( W a s h b u r n ,  1956), a l th o u g h  e lo n g a te d  
p o ly g o n s  can  be fo u n d  o n  sh a l lo w e r  slopes (K ra n tz ,  1990).
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T h i s  slope d e p e n d e n c e  is a cha rac te r is t ic  a t t r ib u te  o f  so r ted  p a t te rn e d  g ro u n d  an d  so 
could  be a u se fu l  l ine  o f  ev id en ce  in  assess ing  w h e th e r  p u ta t iv e  m a r t i a n  p a t te rn s  are 
perig lac ia l  in  or ig in .  I f  c ircu la r  to  s tr ipe - l ike  t r a n s i t io n s  are obse rved  at loca t io n s  w h e re  
m a r t i a n  h i l ls ides  b eco m e steeper, t h e n  th e y  are m o re  l ike ly  to  be th e  resu lt  o f  
perig lac ia l  p rocesses  t h a n  if  th e y  are fo u n d  o n  sh a l lo w er  slopes.
C o n s e q u e n t ly ,  it w as  dec ided  to  e x a m in e  th e  ran g e  o f  g ra d ie n ts  o n  w h ic h  d if fe ren t  
ty p e s  o f  te r re s t r ia l  p a t te rn e d  g ro u n d  w ere  observed . By assess ing  th is  p a ra m e te r  in  b o th  
in  s itu  a n d  a ir  p h o to  d a ta se ts  it shou ld  be possib le  to  d e te rm in e  th e  e x te n t  to  w h ic h  th is  
p a ra m e te r  can  be app lied  to  th e  m a r t i a n  su rvey .  T h i s  w il l  in d ica te  w h e th e r  th is  can 
p ro v id e  an  effec t ive  te s t  fo r  m a r t i a n  fea tu res  h a v in g  fo rm e d  t h r o u g h  perig lacial  
processes .
T h e  e lo n g a t io n  o f  all o f  th e  sites e x a m in e d  in  de ta il  d u r in g  b o th  th e  2012 and  2013 
s u rv e y s  w as  graded . A ll  p o ly g o n a l  fea tu re s  w e re  c lass if ied  u s in g  a q u a l i ta t iv e  scale. 
C i r c u la r  a n d  n e a r  c i rcu la r  fea tu re s  w e re  c lassified  as ty p e  one, w i th  in c rea s in g ly  m o re  
e lo n g a te d  s t ru c tu re s  c lassif ied  as ty p e s  tw o  to  five. T y p e  th re e  consis ts  o f  pu re ly  
t r a n s i t io n a l  fea tu re s  w h ic h  c a n n o t  c learly  be said to  be p o ly g o n s  or s tr ipes , o r  w h ic h  
fall b e tw e e n  tw o  sets o f  b e t te r  de f in ed  p a t te rn s .
T a b le  4.1: D e f in i t io n s  o f  P o ly g o n  E lo n g a tio n  ra tin g s .
T ype D escrip tion Exam ple
1
Polygons
Circles a
2 Elongated circles b
3 T  ransitional Transitional
Type 2 grades to 
type 4
4
Stripes
Discontinuous stripes c
5 Stripes d
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S tr ip es  w ere  d iv id ed  in to  ty p e  four, w h ic h  co ns is ts  o f  d is c o n t in u o u s  s tr ipes  a n d  ty p e  
five w h ic h  inc ludes  c lear  s tr ipes  w i th  n o  o r  few  breaks. M a n y  s ites c o n s is te d  o f  fea tu re s  
in  one  o f  th e  t ra n s i t io n a l  classes, w i th  iso la ted  p a tch es  o f  ty p e  o n e  p o ly g o n s  or  ty p e  five 
s tr ipes  g rad in g  in to  in te rm e d ia te  s t ru c tu re s .
F ig u re  4.23: P a tc h e s  o f  each  v a r ie ty  o f  sm a ll scale  p a tte rn e d  g ro u n d , a ) C irc u la r  
p o ly g o n s , b ) E lo n g a te  p o ly g o n s , c) D is c o n tin u o u s  s tr ip e s , d ) C o n t in u o u s  s tr ip e s
T h i s  c la ss if ic a t io n  sch em e  w as  app lied  to  all o f  th e  sites  e x a m in e d  d u r in g  th e  
in v es t ig a t io n ;  h o w e v e r  s ince  it w as  q u a l i ta t iv e  in  n a tu re  it w as  dec id ed  to  te s t  th e  
re l iab il i ty  o f  th e  c la ss if ica t io n  by  d e te rm in in g  th e  ra t io  b e tw e e n  th e  long  a n d  sh o r t  axes  
o f  p o ly g o n s  at s ites w h e re  th e  s t ru c tu re s  w e re  d ig itised . It  w as  fo u n d  th a t  th e re  w as  a 
good a g re e m e n t  b e tw e e n  th e  ax is  ra t io  an d  th e  q u a l i ta t iv e  c la ss if ic a t io n  fo r  p o ly g o n a l  
fea tu res .  T y p e  o n e  p o ly g o n s  g en e ra l ly  h av e  an  ax is  ra t io  in  th e  ran g e  o f  1.1-1.5, w h i le  
ty p e  tw o  fe a tu re s  w e re  m o re  f re q u e n t ly  in  th e  ran g e  i.5'2.5. T h i s  p a t t e r n  h e ld  t r u e  fo r  
ty p e  th re e  t r a n s i t io n a l  fea tu res ,  b u t  s tr ipes  o f  ty p e s  fo u r  a n d  f ive d id  n o t  e x h ib i t  a
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d ire c t c o rre la tio n  to  ax is  ra tio . T h is  w as to  be exp ec ted , since  th e  d is ta l edges o f  a set o f  
s tr ip e s  are  less c lea rly  d e f in e d  th a n  th o se  o f  p o ly g o n s , an d  s tr ip e s  v a ry  m u c h  m o re  in  
le n g th  th a n  in  w id th . C o n se q u e n tly  th e  c la ss if ic a tio n  o f  e lo n g a te d  p o ly g o n s  w as 
co n c lu d ed  to  be v e ry  re liab le , b u t th e  c la ss if ic a tio n  o f  s tr ip e s  w as m o re  su b jec tive .
4.4.5 V a r ie ty  o f  fe a tu re s  a t su rv e y  s ite s
T a b le s  4.2 -4 .4  sh o w  th e  v a r ie ty  o f  fe a tu re s  o b se rv ed  a t each  site . T h e  p a tte rn s  w ere  
c la ss if ied  b ased  o n  th e ir  e lo n g a tio n  fro m  s tr ip e s  to  p o ly g o n s  an d  th e ir  g en e ra l scale. 
T h e  g ra in  size  o f  th e  m a te r ia l  m a k in g  u p  th e  coarse  f ra c tio n  is a lso  p re se n te d . In  
g e n e ra l th e  f in e  f ra c tio n  w as co m p o sed  o f  s ilt g rad e  m a te r ia l  w ith  a sm all a m o u n t o f  
c o a rse r  san d  g rad e  p a rtic le s .
W h e n  th e  so il w as w e t th e  f in e  d o m a in s  w ere  g e n e ra lly  f la t a n d  fre q u e n tly  a t th e  sam e 
h e ig h t  o r lo w e r  th a n  th e  su rro u n d in g  co arse  d o m a in s . H o w e v e r  w h e n  d ry in g  o u t th e  
f in e r  m a te r ia l  p u ffe d  up , c au s in g  som e f in e  d o m a in s  to  be h ig h e r  th a n  th e  su rro u n d in g  
s to n e  b an k s . A s  w o u ld  be ex p ec ted  th e re  is a c o rre la tio n  b e tw e e n  la rg e r g ra in  s izes an d  
la rg e r  fe a tu re s . L arg er p o ly g o n s  in c o rp o ra te  m o re  cobb les an d  la rg e  pebb les, w h ile  
sm a lle r  s tru c tu re s  h a v e  fe w e r la rg e  c lasts .
I r re sp e c tiv e  o f  th e  size  o f  th e  la rg e s t m a te r ia l  to  m a k e  u p  a p o ly g o n  th e re  is a g rad in g  
f ro m  th e  la rg e s t m a te r ia l  a t th e  c e n tre  o f  th e  coarse  d o m a in  th ro u g h  in c re a s in g ly  f in e r  
c la s ts  to w a rd s  th e  b o u n d a ry  w i th  th e  f in e  d o m a in .
F e a tu re s  o f  a v a r ie ty  o f  s izes w ere  e x a m in e d  d u rin g  th is  su rv ey . D u r in g  th e  2012 
su rv e y s  a la rg e  n u m b e r  o f  sm a ll 5-10 cm  scale fe a tu re s  w e re  reco rd ed . T h e se  w ere  fo u n d  
a t  a ra n g e  o f  e le v a tio n s  in  lo ca litie s  3 a n d  4. D u r in g  th e  2013 su rv e y  th e re  w as  a fo cu s o n  
la rg e r  s tru c tu re s  sev era l te n s  o f  c e n tim e tre s  across. T h is  w as  d u e  to  th e se  fe a tu re s  b e in g  
b e t te r  su ite d  fo r  th e  a p p lic a tio n  o f  th e  structure fro m  motion  te c h n iq u e .
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T h e  m e tre  scale fe a tu re s  w ere  o n ly  o b se rv ed  a t v e ry  h ig h  e lev a tio n s ; g re a te r  th a n  950 
m e tre s  above  sea level. S m a lle r  fe a tu re s , a few  c e n tim e tre s  to  se v e ra l te n s  o f  
c e n tim e tre s  across, w e re  also  fo u n d  a t all e le v a tio n s  b u t  th e  la rg e s t fe a tu re s  w e re  o n ly  
fo u n d  a t th e  h ig h e r  e le v a tio n s , w h e re  th e  te m p e ra tu re  v a r ia tio n  w as  lik e ly  to  be  m o s t 
e x tre m e , a n d  p o te n tia lly  w h e re  th e y  w ere  least lik e ly  to  h av e  b e e n  d is tu rb e d . T h is  w as 
a lso  th e  re g io n  in  w h ic h  th e  la rg e s t b o u ld e rs  w ere  p re se n t o v e ra ll. L arge  co bb les an d  
b o u ld e rs  w e re  m o re  p re v a le n t a t th e  h ig h e s t e le v a tio n  s ite s , p o ss ib ly  d u e  to  th e  
e x p o su re  o f  th e  b ed ro ck  b y  d e f la tio n  o f  loose  d r if t  m a te r ia l, d u e  to  th e  h ig h  e le v a tio n  
a n d  lack  o f  v e g e ta tio n .
O n  th e  T in d a s to ll  h ills id e  m u c h  la rg e r  m a te r ia l  is in  a loose  s ta te  a n d  h a s  b een  
re w o rk e d  in to  la rg e r fe a tu re s  o v e r  a m u c h  lo n g e r  p e rio d  o f  tim e . T h is  c a n  be  seen  in  
lo c a lity  five , w h e re  th e  so rte d  p a tte rn s  a re  fo rm in g  o n  h ills id e s  c o v e re d  w i th  coarse  
g ra n u la r  m a te r ia l  w h ic h  m a y  be th e  spo il f ro m  th e  c o n s tru c tio n  o f  th e  n e a rb y  ro ad . 
M u c h  w id e r  s tr ip e s  o ccu r an d  th e  f in e  d o m a in s  h av e  m u c h  less o f  th e  s ilt  f ra c tio n . T h is  
is becau se  th e y  are  co m p o sed  o f  co arse  g ra in e d  sa n d  an d  g ra n u le  g rad e  m a te r ia l .
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Table 4.2: Survey o f patterned ground above the shore o f Skagafjordur (Locality 3).
Site Locality
Primary 
Grain Size
Secondary 
Grain Size
Feature
Scale
/c m
Elongation
Rating
Classification SlopeGradient
Site 1 3 G ranules to P ebbles Sm all C obbles 5 4-5 Stripes 4.44
Site 2 3 G ranules to P ebbles S m all C obbles 5 3 T ransitional 3-93
Site 3 3 Pebbles
Isolated
C obbles
10 2 P olygon s 1.88
Site 4 3 G ranules to  P ebbles Sm all C obbles 5 4 Stripes 5.83
Site 5 3 G ranules to  P ebbles S m all C obbles 10 5 Stripes 12.6
Site 6 3 G ranules to P ebbles S m all C obbles 20 1 P olygon s 0.8
Site 7 3 G ranules to P ebbles Sm all C obbles -  10 2 P o ly g o n s 0.89
Site 8 3 G ranules to Pebbles
Isolated
C obbles
10 3 T ransitional 1.15
Site 9 3 Large Pebbles G ranules -  10 4 Stripes 3-35
Site 10 3 G ranules to P ebbles 5 1 P oly g o n s 0.85
Site 11 3 Pebbles
Isolated
C obbles 5 3
T ransitional 2.1
Site 12 3 Pebbles 5 4 Stripes 5.63
Site 13 3 G ranules to P ebbles S m all C obbles 5 1 P oly g o n s 0.4
Site 14 3 Pebbles 5 3 T ran sition a l 1.07
Site 15 3 Pebbles -  10 4 Stripes 4
Site 16 3 Pebbles S m all C obbles 10 i -5 P oly g o n s 0.17
Site 17 3 Pebbles Sm all C obbles 5 3 T ran sition a l i -5
Site 18 3 Pebbles S m all C obbles 10 4 Stripes 4.15
Site 19 3 Pebbles S m all C obbles -  10 2 P o lygon s O 00
Site 20 3 Pebbles S m all C obbles 10 3 T ran sition a l 3.05
Site 21 3 Pebbles S m all C obbles 5 4-5 Stripes 5.65
Site 22 3 P ebbles 10 2 P olygon s 0.87
Site 23 3 Pebbles S m all C obbles -  10 3 T ran sition a l 2.89
Site 24 3 Pebbles S m all C obbles -  10 5 Stripes 4.08
Site 25 3 Pebbles C obbles -  10 4 Stripes 3.05
Site 26 3 Pebbles -  10 3 T ran sition a l 1.46
Site 27 3 Pebbles S m all C obbles -1 0 4 Stripes 4.07
Site 28 3 Pebbles 5 5 Stripes 6.18
Site 29 3 P ebbles C obbles -  10 3 T ra n sition a l 2.23
Transect 1 3 V arious V arious -  10 N / A T ra n sition a l 11.38
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Table 4.3 Survey o f centimetre scale patterned ground on cliff top around geodetic 
pillar (Locality 4).
Site Locality
Primary 
Grain Size
Feature
Scale
/c m
Secondary 
Grain Size
Elongation
Rating
Classification
Slope
Gradient
Site x 4 Cobbles 20 3 Transitional 6.02
Site 2 4 Pebbles -  10 Small Cobbles 4 Stripes 7.89
Site 3 4 Cobbles -  10 1 Polygons 1.92
Site 4 4 Pebbles -  10 Small Cobbles 3 Transitional 4.76
Site 5 4 Pebbles -  10 Large Granules 2 Polygons 4.11
Site 6 4 Pebbles -  10 Small Cobbles 4-5 Stripes 11.52
Site 7 4 Pebbles -  10 Small Cobbles 1 Polygons 2.04
Site 8 4 Pebbles -  10
Granules and 
Cobbles 5 Stripes 16.52
Site 9 4 Pebbles -  10 Small Cobbles 4 Stripes 8.11
Site 10 4 Pebbles 20 Cobbles 2 Polygons 15-95
Site 11 4 Pebbles 10 5 Stripes 1.49
Site 12 4 Small Pebbles 5 5 Stripes 3-95
Site 13 4 Small Pebbles 5 4 Stripes 10.55
Site 14 4 Small Pebbles 10 3 Transitional 2.94
Site 15 4 Small Pebbles -  10 4 Stripes 5-77
Site 16 4 Small Pebbles 5 4 Stripes 6.73
Site 17 4 Pebbles 10 Isolated Cobbles 3 Transitional 3-34
Site 18 4 Pebbles 10 Isolated Cobbles 2 Polygons 3-34
Site 19 4 Pebbles -  10 3 Transitional 4-95
Site 20 4 Pebbles -  10 3 Transitional 3.23
Site 21 4 Large Pebbles -  10 2 Polygons 3.42
Site 22 4 Pebbles 5 Cobbles 4 Stripes 6.05
Site 23 4 Pebbles 10 2 Polygons 2.24
Site 24 4 Pebbles 5 i -5 Polygons 1.92
Site 25 4 Large Pebbles 20 Small Cobbles 1 Polygons 0.5
Site 26 4 Pebbles 20 Small Cobbles 2 Polygons 3.38
Site 27 4 Pebbles 5 Small Cobbles 3 Transitional 4.26
Site 28 4 Large Pebbles 10 3 Transitional 7.26
Site 29 4 Large Pebbles 10 2 Polygons 4-22
Site 30 4 Small Pebbles 10 3 Transitional 2.92
Transect 2 4 V  arious -  10 Various N /A Transitional 12.84
Transect 3 4 Various - 10 Various N /A Transitional
Transect 4 4 V  arious -  10 Various N /A Transitional IO.74
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Table 4.4: Survey o f sorted patterned ground across the Skagafjordur region.
Site Locality
Primary 
Grain Size
Secondary 
Grain Size
Feature
Scale
/c m
Elongation
Rating
Classification
Slope
Gradient
Site 1 2 Pebbles C obbles N / A N / A Lobe 8.96
Site 2 2 Pebbles C obbles 39 5 Stripes 8.64
Site 3 2 G ranules to  P ebbles C obbles 40 1 P olygon s 5.66
Site 4 2 G ranules to Pebbles C obbles 60 2 P olygon s 7-39
Site 5 2 P ebbles to C obbles G ranules 30 5 Stripes 7.02
Site 6 1 P ebbles to C obbles G ranules 10 4 T ran sition a l 7.04
Site 7 1 G ranules to  P ebbles 20 2 T ransitional 0.86
Site 8 1 P ebbles to C obbles G ranules 20 2 P olygon s 1.58
Site 9 1 Boulders N / A N / A Lobe 30.58
Site 10 1 G ranules to  P ebbles 30 1 P oly g o n s 0.15
Site 11 1
G ranules to 
C obbles
20 1 P olygon s 1.98
Site 12 1 Large P ebbles C obbles 20 1 P olygon s 2.12
Site 13 5 P ebbles C obbles 20 4 Stripes 12.78
Site 14 5 Pebbles C obbles 20 5 Stripes n .7
Site 15 1 P ebbles to C obbles 10 4 T ran sition a l 3-95
Site 16 1 P ebbles to C obbles 5 2 P oly g o n s 2.26
Site 17 1 Pebbles Sm all C obbles 10 4 Stripes 3.96
Site 18 1 G ranules to P ebbles 10 4 T ran sition a l 3.83
Site 19 1 C obbles 20 N / A P olygon s 3.36
Site 20 1 Pebbles C obbles 10 3 P olygon s 3-17
Site 21 1 Pebbles C obbles 30 1 P olygon s 1.38
Site 22 1 G ranules to  P ebbles C obbles 10 5 Stripes 3.14
Site 23 1 P ebbles to C obbles 5 3 T ran sition a l 1.48
Site 24 1 P ebbles to  C obbles 10 2 P olygon s 3.6
Site 25 1 Pebbles C obbles 5 4 Stripes 3.67
Site 26 1 Pebbles C obbles 10 2 P oly g o n s 3.46
Site 27 1 Pebbles C obbles 20 2 P olygon s 0.63
Site 28 1 P ebbles C obbles 10 2 P olygon s 0.84
Site 29 1 Pebbles C obbles 5 4 Stripes 6.25
Site 30 1 Pebbles C obbles 5 3 T ran sition a l 3.08
Site 31 1 C obbles G ranules 50 N / A P olygon s 4.05
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4.5 Characterising the morphology o f  sorted patterned 
ground.
T h e  d a ta  p ro d u ced  b y  th e  a e ria l su rv e y  in  2012 an d  th e  S fM  su rv e y  in  2013 a llo w  a d ire c t 
c o m p a riso n  to  be  m ad e  b e tw e e n  c e n tim e tre  scale fe a tu re s  o n  th e  g ro u n d  a n d  m e tre  
scale  fe a tu re s , as seen  in  re m o te ly  sen sed  im ag es. T h is  is u se fu l fo r  se tt in g  a b a se lin e  
fo r  id e n tif ic a tio n  o f  m a r t ia n  an a lo g u es , w h ic h  are  b e liev ed  to  o c c u r o n  a d e c a m e tre  
scale. In  o rd e r  to  m a k e  th is  sca lin g  a rg u m e n t a la rge  n u m b e r  o f  in d iv id u a l p o ly g o n s  
w ere  d ig itise d  so th a t  th e ir  m o rp h o lo g y  co u ld  be c h a ra c te r ise d  u s in g  a v a r ie ty  o f  
p a ra m e te rs ; th e  size  an d  e lo n g a tio n  o f  th e  p o ly g o n s , th e  size  a n d  n u m b e r  o f  c la s ts  a n d  
th e  to p o g ra p h y  o f  th e  slopes o n  w h ic h  th e y  are  fo u n d . S im ila r itie s  in  th e  re la tio n s h ip  
b e tw e e n  s tru c tu re s  d ig itise d  f ro m  in  s itu  o b se rv a tio n s  a n d  th o s e  d ig itise d  in  re m o te ly  
sen sed  im ag es w o u ld  su g g est th a t  th e  a ir  p h o to s  p ro v id e  a n  e ffe c tiv e  w a y  to  
c h a ra c te r is in g  a so rte d  n e tw o rk . M a jo r  d iffe re n c es  b e tw e e n  th e  tw o  d a ta se ts  w o u ld  
in d ic a te  th a t  s u b s ta n tia l  a m o u n ts  o f  in fo rm a tio n  a b o u t th e  s tru c tu re  o f  a so rte d  n e t  a re  
b e in g  lo st, d u e  to  th e  lo w  re so lu tio n  o f  th e  im ages.
4.5.1 S tru c tu re  f ro m  M o tio n  D a ta
A  to ta l  o f  55 p o ly g o n s  w e re  d ig itise d  f ro m  th e  s tru c tu re  f ro m  m o tio n  d a ta , th is  in c lu d e d  
fe a tu re s  a t s ite s  th re e  an d  fo u r  o n  th e  lo w e r s lopes o f  T in d a s to ll  a n d  s ite s  e ig h t, te n  a n d  
tw e n ty -o n e  o n  th e  S kag i p e n in su la . T h is  p ro v id e s  a d a ta  se t o f  c e n tim e tre  scale 
p o ly g o n s  a t b o th  h ig h  a n d  low  e le v a tio n s . T h e s e  s ite s  w e re  c h o se n  as th e y  h a d  
p ro d u ced  th e  b es t D ig ita l  E le v a tio n  M o d e l (D E M ) an d  O r th o p h o to  p ro d u c ts  f ro m  th e  
structure fro m  motion  su rv e y s  a n d  c o n s is te d  o f  fe a tu re s  w h ic h  w e re  re p re s e n ta t iv e  o f  th e  
a rea  in  g en era l.
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F ig u re  4.24: e x a m p le s  o f  th e  o r th o p h o to s  an d  d ig ita l e le v a tio n  m o d e ls  p ro d u c e d  b y  th e  
s t ru c tu re  f ro m  m o tio n  m e th o d  a t tw o  o f  th e  fie ld  sites, a) S ite  te n  O rth o p h o to , b ) s ite  
te n  DEM , c) S ite  th re e  o r th o p h o to , d ) s ite  th re e  DEM .
T h i s  sec t io n  o f  the  in v e s t ig a t io n  m a in ly  d iscusses  th e  d if fe rences  b e tw e e n  c ircu la r  an d
e lo n g a te d  p o ly g o n s ,  r a th e r  t h a n  b e tw e e n  p o ly g o n s  an d  str ipes . T h i s  w as  p a r t ly  due  to
th e  fac t t h a t  fe w e r  s t r ip e s  o ccu rred  w i th in  these  sites an d  p a r t ly  because  p o ly g o n a l
fe a tu re s  cou ld  be de l in ea ted  m o re  easily . E x a m p le s  o f  s tr ipes  te n d e d  to  g rade  in to
p o ly g o n a l  g ro u n d  or b eco m e  less d i s t in c t  at th e i r  d is ta l  ends, m a k in g  c a teg o r isa t io n
m o r e  co m p le x .  S tr ip e s  w e re  a b se n t  f ro m  m a n y  o f  th e  sites w i th  th e  best S fM  results ,
l im i t in g  t h e i r  u se fu ln ess  in  th is  c o m p a r iso n .
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T h e  fe a tu re s  su rv e y e d  a t th e  lo w  e le v a tio n  s ite s  f ro m  lo c a lity  o n e  c o n s is t p r im a r i ly  o f  
p o ly g o n s . T h e re  a re  21 ty p e  o n e  fe a tu re s  a n d  a n  eq u a l n u m b e r  o f  ty p e  tw o  p o ly g o n s . 
T w o  tr a n s i t io n a l  fe a tu re s  w e re  a lso  d ig itised , b u t s tr ip e s  w e re  la rg e ly  la c k in g  f ro m  
th e se  sites.
A t  th e  h ig h  e le v a tio n  s ite s  in  lo c a lity  tw o  a so m e w h a t d if fe re n t  su ite  o f  fe a tu re s  w e re  
fo u n d . O n ly  o n e  ty p e  o n e  p o ly g o n  w as fo u n d  w i th in  th e se  sites, w h e re a s  e lo n g a te d  
p o ly g o n s  o f  ty p e  tw o  w e re  m o re  c o m m o n . E ig h t ex am p le s  o f  ty p e  tw o  fe a tu re s  w ere  
reco rd ed  as w e re  th re e  e x a m p le s  o f  d isc o n tin u o u s  s tr ip e s  ( ty p e  fo u r) . N o  t r a n s i t io n a l  
fe a tu re s  o f  ty p e  th re e  w e re  fo u n d  w i th in  th e se  areas.
4.5.2 A ir  P h o to  D a ta
A  fu r th e r  41 p o ly g o n s  w ere  d ig itise d  f ro m  a ir  p h o to g ra p h s  o f  th e  m e tre  scale  fe a tu re s  
o n  th e  to p  o f  T in d a s to ll .  T h is  d a ta  se t w a s  b ased  o n  o b se rv a tio n s  o f  th e  fe a tu re s  in  th e  
a ir  p h o to g ra p h s  an d  m e a s u re m e n t f ro m  th e  L iD A R  D E M . M o s t  o f  th e  sam e 
p a ra m e te rs  can  be m e a su re d  fo r  th is  d a ta  set, b u t  n o t  a lw a y s  to  th e  sam e  d eg ree  o f  
p re c is io n . T h e  a ir  p h o to  im ag es  a re  m u c h  lo w e r re so lu tio n  th a n  th o se  p ro d u c e d  b y  
S fM , h a v in g  p ix e ls  15 cm  across, w i th  a s im ila r  v e r tic a l re s o lu tio n . O n ly  th e  la rg e s t 
c la s ts  co u ld  be id e n tif ie d , so a n  acc u ra te  a s se s sm e n t o f  th e  n u m b e r  o f  c la s ts  m a k in g  u p  
th e  fe a tu re  is im p o ss ib le . H o w e v e r  th e  size  o f  th e  la rg e s t c la s ts  co u ld  s till  be 
d e te rm in e d . T h e  m e a su re m e n ts  o f  c la s t a n d  c irc le  size  are  p ro p o r t io n a lly  le ss  p rec ise , 
b u t  are  acc u ra te  to  w i th in  20-30 c e n tim e tre s .
A sp e c t an d  e le v a tio n  ca n  be m e a su re d  f ro m  th e  L iD A R  D E M  in  th e  sam e  w a y  as fo r  
th e  s ite s  w i th  S fM  D E M s, as can  g ra d ie n t. H o w e v e r  th e  la rg e r p ix e l s ize  o f  th e  L iD A R  
D E M  m e a n s  th a t  g ra d ie n t m e a su re m e n ts  are  av e rag ed  o v e r  a fa r  la rg e r  a rea  th a n  fo r  
th e  sm a lle r  scale su rv ey . S lope  m e a s u re m e n ts  d e riv e d  f ro m  th e  h ig h  r e s o lu t io n  d a ta
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h a v e  a m e a n  g ra d ie n t o f  10.66 w h ile  th o se  d e riv e d  fro m  re m o te ly  sen sed  d a ta  do n o t  rise  
ab o v e  a m a x im u m  o f  1.79.
T h is  is lik e ly  due  to  th e  fac t th a t  sm all scale v a r ia tio n s  in  slope  h av e  m u c h  g re a te r  
g ra d ie n t, b u t  are  av e rag ed  o u t in  th e  lo w  re so lu tio n  L iD A R  D E M . C o n se q u e n tly , o n ly  
th e  la rg e r  scale tre n d s  a re  d isc e rn ib le  in  th e  re m o te  sen s in g  d a ta , an d  th e se  are  n o t  as 
e x tre m e . V isu a l o b se rv a tio n s  o f  th e  to p  o f  T in d a s to ll  c o n f irm  th a t  it  h a s  as m u c h  sm all 
scale v a r ia t io n  in  slope as th e  sites  o n  th e  S kag i p e n in su la , so a s im ila r  ran g e  o f  
g ra d ie n ts  w o u ld  be ex p ec ted  w e re  h ig h e r  re so lu tio n  to p o g ra p h ic  d a ta  av a ilab le  fo r th e se  
s ites . W h i le  b o th  ty p e s  o f  g ra d ie n t d a ta  are  u se fu l o n  th e ir  o w n  th e y  are  n o t  co m p arab le  
w i th  o n e  a n o th e r .
Table 4.5: Variation in range o f gradients at each site.
All SfM Tindastoll SfM Skagi SfM A11RS
Maximum 17-75 17-75 14.52 1.79
Mean 10.66 13-47 'P co 00 1.14
Range 16.75 8.91 9.49 i-33
Minimum 1 9 5 0
4.5.3 P a tte rn e d  g ro u n d  m o rp h o lo g y
A ll o f  th e se  s ite s  w e re  c la ss ified  u s in g  a v a r ie ty  o f  p a ra m e te rs , as o u tlin e d  in  th e  
fo llo w in g  sec tio n . A ll o f  th e se  w e re  c h o se n  as th e y  w ere  p a ra m e te rs  w h ic h  cou ld  be 
a ssessed  in  b o th  th e  fie ld  o b se rv a tio n s  a n d  th e  re m o te  sen s in g  d a ta . C o n s e q u e n tly  th e y  
c a n  be a p p lied  to  s im ila r  fe a tu re s  in  im ag es  f ro m  M ars .
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4 -5-3'1 Size and Elongation o f Polygons
A ll o f  th e se  s ite s  h a d  b e e n  c h a ra c te r ise d  w i th  a g e n e ra l ra tin g  o f  p o ly g o n  e lo n g a tio n . 
N o w  th e  lo n g  an d  sh o r t  ax es  o f  each  d ig itise d  fe a tu re  w e re  m e a su re d  a n d  th e  ra t io  o f  
th e  tw o  ca lcu la ted . T h e  re su ltin g  ra tio s  sh o w ed  good  a g re e m e n t w i th  th e  sem i- 
q u a n ti ta t iv e  e lo n g a tio n  ra tin g s  d e fin e d  in  se c tio n  4.4.4, su g g estin g  th a t  th e se  q u a lita tiv e  
o b se rv a tio n s  w e re  re liab le .
O n c e  a p o ly g o n a l s tru c tu re  w as  d ig itise d  th e  c irc u m fe ren c e  a n d  su rface  area  o f  a 
d ig itise d  p o ly g o n  w ere  ea s ily  c a lcu la ted  u s in g  th e  G IS . T h e  su rface  a rea  se rv es  as a 
sim p le  m e tr ic  fo r  p o ly g o n  size  w h ic h  can  be c o m p a re d  to  v a r io u s  o th e r  p a ra m e te rs .
4.5.3.2 Size and quantity o f coarse domain material
I t  w as d ec id ed  to  te s t  w h e th e r  c la st size  scales w i th  p o ly g o n  size , as ap p e a rs  to  b e  th e  
case o n  th e  f irs t  o rd e r. T h e  n u m b e r  o f  d is t in c t  c la s ts  w a s  reco rd ed  in c lu d in g  a ll 
m a te r ia l  in  d ire c t c o n ta c t w ith  th e  p o ly g o n  co arse  d o m a in  a n d  a ll c la s ts  w i th in  th e  
p o ly g o n  in te r io r . C la s ts  o u ts id e  th e  p o ly g o n , b u t  n o t  in  c o n ta c t w i th  o th e r  m a te r ia l  
m a k in g  u p  th e  coarse  d o m a in  w ere  ex c lu d ed .
T h e  le n g th  o f  th e  la rg e s t c la s t in  each  p o ly g o n  w as  m e a su re d  as w as  th e  a v e rag e  size  o f  
th e  fiv e  la rg e s t c lasts . T h is  m e a s u re m e n t w as  m a d e  b y  m e a su r in g  th e  lo n g  ax is  o f  th e se  
c la sts  w i th  a p re c is io n  o f  1-2 c e n tim e tre s . M o re  p rec ise  m e a s u re m e n ts  w e re  d if f ic u lt  
because  th e re  is so m e d is to r t io n  in  e v e n  th e  b e s t S fM  m o d e ls . H o w e v e r  th e s e  c la s t s ize  
d a ta  a re  re liab le  e n o u g h  fo r  fe a tu re s  a few  te n s  o f  c e n tim e tre s  ac ro ss . T h e  o r ie n ta t io n  o f  
c la s ts  w as n o t  m e a su re d  as th is  w as b e y o n d  th e  scope o f  th is  in v e s tig a tio n .
In  m o s t cases th e  m a te r ia l  m a k in g  u p  th e  co arse  d o m a in s  o f  th e se  p o ly g o n s  ra n g e d  
f ro m  m illim e tre  scale g ra n u le s  to  la rg e  cobb les te n s  o f  c e n tim e tre s  across. I n  so m e  cases  
o n e  o r m o re  ty p e  p re d o m in a te d , b u t  in  m o s t cases a fu ll ra n g e  w a s  p re s e n t. A  fu ll g ra in
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size  d is tr ib u tio n  w o u ld  th e o re tic a lly  be possib le , b u t m ig h t be l im ite d  b y  th e  re lia b ility  
o f  th e  d a ta  set. S m a ll a m o u n ts  o f  d is to r tio n  w ill a ffec t m e a su re m e n t o f  sm all c la s ts  to  a 
m u c h  g re a te r  e x te n t  th a n  large  ones. T h e  p re c is io n  o f  m e a su re m e n t w ill be 
p ro p o r tio n a lly  m u c h  low er.
I f  a m o re  d e ta iled  in v e s tig a tio n  w ere  to  be c o n d u c te d  in to  g ra in  size  d is tr ib u tio n  in  th e  
fu tu re  th e n  a la rge  n u m b e r  o f  h ig h  re so lu tio n  p h o to g ra p h s  w o u ld  be ta k e n  lo o k in g  
d o w n  o n  th e  p o ly g o n s , th e se  co u ld  th e n  be a lig n ed  w ith  th e  o r th o p h o to s  p ro d u ced  b y  
S fM , b u t  w o u ld  n o t  be su b jec t to  th e  sam e d is to r tio n . In  essen ce  th e  S fM  base m ap  
co u ld  be u sed  to  g eo re fe ren ce  th e  h ig h  re so lu tio n  p h o to g ra p h s . S u ff ic ie n t p h o to s  w ere  
ta k e n  to  v e r ify  th e  S fM  d a ta  in  th is  s tu d y , b u t  th e y  w ere  n o t  in c o rp o ra te d  in to  th e  
m o d e ls .
4.5.3.3 Situation and topography
T h e  g ra d ie n t o f  th e  u n d e r ly in g  te r ra in  w as  d e te rm in e d  f ro m  th e  D E M , an d  av erag ed  
o v e r  th e  area  o f  th e  p o ly g o n . T h is  m e th o d  p ro v id e s  a s in g le  m e a n  slope  v a lu e  fo r  each  
p o ly g o n . H o w e v e r  th e  re lia b ility  o f  th is  m e th o d  is d e te rm in e d  b y  th e  re so lu tio n  o f  th e  
D E M . In  th is  case i t  sh o u ld  be p rec ise  to  w ith in  a few  te n s  o f  c e n tim e tre s . T h e  asp ec t 
o f  th e  slope  w as  a lso  o b ta in e d  in  th is  m a n n e r  as w as  th e  e le v a tio n . A g a in  th is  is re liab le  
to  a few  te n s  o f  c e n tim e tre s  d u e  to  th e  v e r tic a l re so lu tio n  o f  th e  D ig ita l E le v a tio n  
M o d e ls .
4.5.3.4 Polygon orientation and alignment to slope
T h e  o r ie n ta t io n  o f  th e  p o ly g o n  lo n g  ax is  w as reco rd ed  so th a t  th is  cou ld  be c o m p ared  
w i th  th e  a sp ec t o f  th e  slope  o n  w h ic h  it  o ccu rred . T h e  lo n g  ax is  o f  a n  e lo n g a ted  
p o ly g o n  w o u ld  be e x p e c te d  to  a lig n  w i th  th e  h ill  slope as th is  is b e liev ed  to  be th e  fa c to r  
c o n tro ll in g  p o ly g o n  e lo n g a tio n  (K ess le r  a n d  W e rn e r , 2003). A n  a lig n m e n t ra tin g  w as
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d e riv ed  to  d e te rm in e  h o w  w e ll a n y  g iv en  p o ly g o n  f its  th is  p a tte rn . P o ly g o n s  w h e re  th e  
lo n g  ax is  is w i th in  20 d eg rees  o f  th e  s lo p e’s a sp ec t are  w e ll a lig n e d  to  th e  slope, th o se  
w i th in  45 deg rees  m a y  be a lig n ed , w h ile  th o se  g re a te r  th a n  45 d eg rees  f ro m  th e  asp ec t o f  
th e  slope  a re  said  to  be u n a lig n e d .
4.6 M orphological A nalysis
4.6.1 P o ly g o n  E lo n g a tio n .
V a r ia t io n s  in  e lo n g a tio n  w ith  g ra d ie n t can  be p lo tte d  fro m  b o th  th e  s in g le  p o ly g o n  
d a ta se t a n d  th e  site  based  c la ss if ic a tio n  sh o w n  in  T a b le s  4.2 '4-4.
W h e re  in  s itu  m e a su re m e n ts  w e re  m a d e  th e  g ra d ie n t o f  a s ite  ca n  b e  e s tim a te d  b y  
f i t t in g  a p lan e  th ro u g h  p o in ts  o f  k n o w n  e le v a tio n  m e a su re d  u s in g  d if fe re n tia l  G P S  a n d  
so p rec ise  to  w ith in  a fe w  cm . T h is  is p o ss ib le  fo r  all s ites th a t  w e re  su rv e y e d  in  th e  
fie ld , b u t  n o t  fo r  th o se  d ig itise d  f ro m  th e  a ir  p h o to  d a ta . T h is  m e th o d  d o es n o t  ta k e  in to  
a c c o u n t v a r ia tio n s  in  g ra d ie n t b e tw e e n  th e  m e a su re d  p o in ts .
W h e n  a d ig ita l e le v a tio n  m o d e l is av a ilab le  th e  g ra d ie n t across a n  a rea  c an  b e  ca lc u la ted  
u s in g  th e  slope  to o l in  A rc G IS . T h e  ch an g e  in  e le v a tio n  ac ro ss  se v e ra l p ix e ls  is u sed  to  
ca lcu la te  th e  slope a t a n y  g iv e n  p o in t  w i th in  th e  ra s te r . T h is  is th e n  a v e rag ed  ac ro ss  th e  
area  o f  th e  p o ly g o n  to  d e te rm in e  th e  m e a n  g ra d ie n t o f  th e  u n d e r ly in g  g ro u n d . T h is  is 
th e  o n ly  m e th o d  w h ic h  is ap p licab le  to  th e  m a r t ia n  su rv ey , a n d  o n ly  in  ra re  lo c a tio n s  
w h e re  h ig h  re so lu tio n  D E M s  are  ava ilab le .
F ig u re  4.25 sh o w s a p lo t o f  g ra d ie n t u n d e r ly in g  p a tc h e s  o f  s im ila r  fe a tu re s  id e n tif ie d  b y
in  s itu  o b se rv a tio n s . G ra d ie n t  w as d e te rm in e d  u s in g  th e  f irs t  m e th o d  d e sc rib e d  ab o v e .
In  c o n tra s t  f ig u re  4.26 sh o w s g ra d ie n ts  b e n e a th  in d iv id u a l p o ly g o n s  d e te rm in e d  f ro m  a
D E M , h e re  o n e  d a ta  se ries  is d e riv e d  f ro m  th e  S tru c tu re  f ro m  M o tio n  d a ta , th e  o th e r
f ro m  th e  re m o te  sen s in g  d a ta . T h e re  is so m e  o v e rlap  b e tw e e n  th e  2013 m e a s u re m e n ts  in
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f igu re  4.25 an d  th e  c e n t im e tre  scale fea tu re s  in 4.26. T h is  i l lu s tra tes  th e  d ra m a tic  
d if fe ren ces  b e tw e e n  these  tw o  ap p ro ach es  o f  ch a ra c te r is in g  g rad ien t .
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F ig u re  4.25: C o m p a r iso n  o f  fe a tu re  e lo n g a tio n  w i th  u n d e r ly in g  g ra d ie n t fo r p a tc h e s  o f  
p o ly g o n s . I t  c an  be seen  th a t  m o re  e lo n g a te d  fe a tu re s  are  fo u n d  o v e r a w id e r  ra n g e  o f
g ra d ie n ts  th a n  less e lo n g a te d  p o ly g o n s.
F igu re  4.25 sh o w s  th a t  w h e n  co n s id e r in g  p a tch es  o f  s im i la r  fea tu re s  th e re  is a def in i te  
t r e n d .  T h e  m e a n  g ra d ie n t  o f  s lopes u n d e r ly in g  p a tch es  o f  s tr ipes  (e lo n g a t io n  o f  4 or 
h ig h e r )  is c o n s is te n t ly  g rea te r  t h a n  th o se  u n d e r ly in g  po lygons .  T h e r e  is conside rab le  
v a r ia t io n  w i t h i n  th e  pa tches  su rveyed ,  b u t  w i th  th e  e x c e p t io n  o f  a few  ou tl ie rs  in  each  
s u rv e y  area it w as  fo u n d  th a t  so r ted  circles occu rred  p r im a r i ly  on  g ro u n d  w i th  low  
g ra d ie n ts  a n d  occu rred  o v e r  a m u c h  n a r r o w e r  ran g e  o f  g rad ien ts .  S tr ip e s  p r e d o m in a n t ly  
o c c u r re d  o n  th e  s teepe r  slopes, a l th o u g h  th e re  w e re  som e low  g ra d ie n t  ou tliers .  T h i s  
f in d in g  is in  a g re e m e n t  w i th  th e  m o d e ls  rep o r ted  b y  W a s h b u r n ,  (1973), K essler et al., 
(2001) a n d  o the rs .
T h e  re su l t  is less c lear  w h e n  th e  e lo n g a t io n  o f  in d iv id u a l  p o ly g o n s  w i th in  these  pa tch es
is co n s id e red .  A n  e lo n g a t io n  ra t in g  w as  ca lcu la ted  by  m e a su r in g  th e  ra t io  b e tw e e n  the
p o ly g o n ’s long  and  sho r t  axes. A n  ax is  ra t io  o f  one  ind ica tes  th a t  b o th  axes are the
sa m e  l e n g th  an d  th a t  th e  fea tu re  is e s sen t ia l ly  c ircular . P o ly g o n s  w i th  axis ra t io s  in
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excess  o f  th re e  are e q u iv a le n t  to  th e  t r a n s i t io n a l  fea tu re s  desc r ibed  in  T a b le  4.1. T h e se  
ra t io s  are eq u iv a le n t  to  th e  fea tu re  ty p e  c lass if ica t ion , a ty p e  o n e  p o ly g o n  w ill ,  b y  
d e f in i t io n ,  h av e  an  ax is  ra t io  b e tw e e n  1 an d  2, w h ile  m o re  e lo n g a ted  fe a tu re s  h av e  
g re a te r  d isp a r i ty  b e tw e e n  th e  le n g th s  o f  th e i r  axes.
T h e  p rec is io n  o f  th e  p o ly g o n  e lo n g a t io n  da ta  is d e te rm in e d  b y  th e  ease w i t h  w h ic h  th e  
edge o f  th e  p o ly g o n  can be d e te rm in e d .  For th e se  m e a s u r e m e n ts  th e  e r ro r  o n  th e  da ta  is 
a p p ro x im a te ly  th e  w id th  o f  th e  coarse  d o m a in ,  a ro u n d  2-3 cm  fo r  c e n t im e t r e  scale 
fea tu res ,  a n d  30-50 c m  fo r  m e t re  scale fea tu res .
T h e  c e n t im e t r e  scale d a ta  s h o w n  in  f igu re  4.26 are d r a w n  f ro m  th e  a reas  s u rv e y e d  in  
th e  2013 S fM  su rvey .  P lo t t in g  th e  ax is  ra t io  o f  a fe a tu re  ag a in s t  u n d e r ly in g  g ra d ie n t  
does n o t  p ro d u ce  a c lear co rre la t ion .  T h i s  m a y  be due  to  th e  low  d a ta  v o lu m e  fo r  
t r a n s i t io n a l  a n d  s tr ipe  fea tu res .
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Figure 4.26: G raphs of variation o f polygon elongation w ith  gradient.
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A ll t r a n s i t io n a l  fe a tu re s  o ccu r w ith in  a n a rro w  ra n g e  o f  g ra d ie n ts  b e tw e e n  10 an d  14 
d eg rees . T h e  p o ly g o n a l fe a tu re s  o ccu r o v e r a m u c h  w id e r  ra n g e  o f  g rad ien ts , som e 
lo w e r th a n  th o se  o n  w h ic h  e lo n g a te d  s tru c tu re s  w ere  o b se rv ed  a n d  so m e w ith  a m u c h  
h ig h e r  g ra d ie n t. T h is  does n o t  seem  to  m a tc h  th e  g en e ra l t r e n d  seen  fo r  th e se  fe a tu re s  
w h e n  th e  in  s itu  m e th o d o lo g y  is ap p lied . T h is  su g g ests  th a t  a sse ss in g  g ra d ie n t 
d e p e n d e n c y  in  th is  m a n n e r  is m u c h  less re liab le .
In  su m m a ry  w h e n  a p a tc h  o f  p o ly g o n a l p a tte rn e d  g ro u n d  is c h a ra c te r ise d  based  o n  th e  
m o s t p re v a le n t fe a tu re  ty p e  a c lear tre n d  can  be seen, a lb e it w ith  a la rge  m a rg in  o f  
e rro r . T h is  is less c lear w h e n  th e  m o rp h o lo g y  o f  in d iv id u a l p o ly g o n s  is e x a m in e d . T h is  
is lik e ly  d u e  to  sm all scale v a r ia tio n s  in  to p o g ra p h y  across a p o ly g o n , w h ic h  obscu res  
th e  g en e ra l t r e n d  o f  th e  u n d e r ly in g  h ill  slope. T h e  g ra d ie n t o n  w h ic h  a p o ly g o n  occu rs 
is a v e rag ed  f ro m  th e  p a r t o f  th e  D E M  d ire c tly  b e n e a th  it, b u t  th e  p re sen ce  o f  large 
c la s tic  m a te r ia l  i ts e lf  h a s  a n  e ffec t o n  sm a ll scale to p o g ra p h y . C o n se q u e n tly , th e se  
m e a s u re m e n ts  are  n o t  as re liab le .
T h e  re su lts  o f  th e  a n a ly s is  o f  th e  re m o te  sen s in g  d a ta  a re  in c o n c lu s iv e . T h e  o p p o site  
t r e n d  to  th a t  seen  in  th e  fie ld  d a ta  m a y  occur, h o w e v e r  th is  co u ld  be due  to  th e  in h e re n t  
u n re l ia b il i ty  o f  c la ss ify in g  fe a tu re s  in  th e  re m o te ly  sen sed  im ages. W h e n  o n ly  th e  
la rg e s t c la s ts  c an  be seen  th e  e x a c t b o u n d a rie s  o f  th e  p o ly g o n s , an d  th e  e x te n t  to  w h ic h  
th e y  are  t r a n s i t io n in g  in to  s trip e s , a re  n o t  a lw ay s  p o ssib le  to  d e te rm in e . T h e re  are  also  
s ig n if ic a n tly  fe w e r ex a m p le s  o f  ty p e  th re e  fe a tu re s  th a n  th o se  o f  ty p e s  o n e  an d  tw o  so 
it  is im p o ss ib le  to  be c e r ta in  h o w  re p re s e n ta tiv e  th e se  are.
T h e  im p lic a tio n  o f  th e se  re su lts  fo r  th e  m a r t ia n  su rv ey s  p re se n te d  in  C h a p te rs  six  an d  
se v e n  is th a t  s ig n if ic a n t v a r ia tio n s  w i th  g ra d ie n t are  m o s t a p p a re n t w h e n  c o m p a rin g  
th e  b ro ad  t r e n d  b e n e a th  a reas c h a ra c te r ise d  b y  p o ly g o n s  o r s trip e s . T h e  tre n d  seen  in  
f ig u re  4.25 is n o t  as a p p a re n t in  th e  re m o te  sen s in g  d a ta  as i t  is in  th e  in  s itu
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m e a s u re m e n ts .  H a d  th e  resu l ts  o f  t h e  D E M  der iv ed  re su l ts  agreed  w i th  th o se  f ro m  th e  
in  s i tu  m e th o d  t h e n  it w o u ld  h av e  suggested  th a t  th is  could  re l iab ly  be app lied  to  th e  
m a r t i a n  data . T h i s  is n o t  th e  case. T h e  p a tc h  based  ap p ro ach  w o u ld  th u s  be m o re  u se fu l  
t h a n  assess ing  th e  e lo n g a t io n  o f  in d iv id u a l  p o ly g o n a l  fea tu res .
B o th  p o ly g o n  scale a n d  n e tw o r k  scale m e a s u r e m e n ts  w ill  be m a d e  fo r  m a r t i a n  f e a tu re s  
in  C h a p te r  N in e  an d  th e se  re su l ts  w il l  be c o m p a re d  to  th o se  p re se n te d  here .  O t h e r  
m e th o d s ,  su ch  as e x a m in in g  th e  ch an g e  in  p a t t e rn  m o rp h o lo g y  across  th e  le n g th  o f  a 
c ra te r  wall,  w il l  also be used, as th e se  m a y  p ro v e  m o re  re liab le  t h a n  a t t e m p t in g  to  ap p ly  
th is  m e th o d o lo g y  to  sites w i th  n o  in  s i tu  data . C a u t io n  m u s t  be exerc ised  w h e n  
e x a m in in g  low  re so lu t io n  sa te ll i te  im ages.  T h e  lack o f  a t r e n d  fo r  e lo n g a te d  p o ly g o n s  to  
occu r  o n  s teeper  slopes sh o u ld  n o t  be  t a k e n  to  ru le  o u t  a perig lac ia l  h y p o th e s is .
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Figure 4.27: Polygon area against elongation. Polygons of all sizes are found to  exhib it a 
range o f elongations. N o type of polygon appears to be m ore prevalent at a particu lar
range o f sizes.
F igure  4.27 sh o w s  th a t  th e re  does n o t  seem  to  be a c o r re la t io n  b e tw e e n  th e  s ize  o f  a
p o ly g o n  an d  its  e lo n g a t io n .  C irc les  o f  v a r io u s  degrees  o f  e lo n g a t io n  o c c u r re d  at all
scales, as d id  s tripes, b o th  c o n t in u o u s  a n d  d is c o n t in u o u s .  O v e ra l l  th e  s ize  o f  f e a tu re
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seem ed  m o s t  like ly  to  be due  to  th e  su b s tra te  w h ic h  it w as  re w o rk in g .  T h e  m a jo r i ty  o f  
o p e n  g ro u n d  in  the  S k ag a f jo rd u r  area co ns is ts  o f  f ine  s il ty  soils w i th  m a n y  sm all  
pebb les  a n d  cobbles. In  th i s  loca t io n  c e n t im e t re  scale s t ru c tu re s  can  easily  occur.
4.6.2 Alignm ent o f polygons to underlying slope
I f  th e  e lo n g a t io n  o f  a so r ted  p o ly g o n  is co n tro l led  b y  th e  g ra d ie n t  o f  th e  u n d e r ly in g  
s lope t h e n  it w o u ld  be ex p ec ted  th a t  th e  long  axis  o f  th e  p o ly g o n  w o u ld  be a l igned  to  
th e  slope. H o w e v e r  as s ta ted  in  th e  p rev io u s  sec tion  it is possib le  th a t  th e  sm all  scale 
to p o g ra p h ic  v a r ia t io n s  in  th e  D E M  caused  by  th e  p resence  o f  large clasts m a y  be 
o b scu r in g  th e  u n d e r ly in g  g ra d ie n t  o f  th e  hill  slope. I f  th is  is th e  case t h e n  a l ig n m e n t  to  
th e  slope w o u ld  n o t  be expec ted , s ince th e  p re d o m in a n t  fac to r  a ffec ting  th e  u n d e r ly in g  
g ra d ie n t  w o u ld  be a p ro d u c t  o f  th e  p o ly g o n ’s g e o m e t ry  itself, r a th e r  t h a n  th e  p ro d u c t  o f  
th e  slope. T h e  a p p a re n t  g rad ien t  th u s  m ig h t  n o t  be re p re se n ta t iv e  o f  th e  g rad ien t  
c o n tro l l in g  p o ly g o n  e lo n g a t io n .
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Figure 4.28: A lignm ent o f polygons to slope for all sites. Polygon elongation is 
determ ined by taking the ratio of the long and short axes. T he m inim um  alignm ent to 
slope is the  sm allest angle betw een the direction in w hich the polygon long axis is 
aligned and the aspect of the  underlying slope, thus an alignm ent of o degrees indicates 
a polygon tha t is exactly aligned w ith  the direction o f slope while an alignm ent o f 90 
degrees indicates a polygon orthogonal to the direction of slope.
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T h e s e  re su l ts  sugges t  th a t  th e  p ro p o r t io n  o f  fea tu re s  a l ig n ed  to  th e  u n d e r ly in g  slope is 
v e ry  low . T h e r e  is l i t t le  o r  n o  c o r re la t io n  b e tw e e n  a l ig n m e n t  an d  e lo n g a t io n  a n d  th e  
m a jo r i ty  o f  fea tu re s  h av e  an  a l ig n m e n t  in  excess  o f  20 degrees. W h i l e  m o re  ty p e  tw o  
fe a tu re s  are fo u n d  to  be a ligned  t h a n  ty p e  one  fea tu res ,  th e se  are still  a m in o r i ty  
c o m p a re d  to  th o se  th a t  w e re  fo u n d  to  be m o re  t h a n  22.5 degrees  f ro m  th e  d i re c t io n  o f  
slope, w h ic h  w as  c o n s id e red  th e  c r i te r ia  fo r  good a l ig n m e n t .  R o u g h ly  equa l  p ro p o r t io n s  
p lo t o n  e i th e r  side o f  th e  45 degree  m a r k  for  all e lo n g a t io n s  b e low  2.5. M o s t  o f  th o se  
w i th  an  e lo n g a t io n  b e tw e e n  2.5 an d  3.5 are u n a l ig n ed .
It is in te re s t in g  to  n o te  th a t  all fea tu re s  w i th  an  e lo n g a t io n  ra t io  in  excess  o f  3.5 are 
fo u n d  to  be a l igned  w i th in  45 degrees  o f  th e  d i re c t io n  o f  slope. T h i s  m a y  sugges t  th a t  
m o re  e lo n g a ted  fea tu re s  hav e  a s l igh t  t e n d e n c y  to w a rd s  a l ig n m e n t ,  b u t  few  are fo u n d  to  
be less t h a n  22.5 degrees  f ro m  th e  d i re c t io n  o f  slope. T h e r e  are re la t iv e ly  few  fea tu re s  
w i th  e lo n g a t io n s  in  excess o f  four,  so it is u n c e r ta in  w h e th e r  th is  is a real t r e n d  o r  a 
co inc idence .
A ll  p o ly g o n s  w ere  c lassif ied  as be ing  a l igned  ( w i th in  22.5 deg rees  o f  th e  d i re c t io n  o f  
s lope), u n c e r ta in  a l ig n m e n t  ( w i th in  45 degrees)  a n d  u n a l ig n e d  (o u ts id e  o f  45 degrees) .  
T h e  re su l ts  are s h o w n  in  f igu re  4.29.
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Figure 4.29: Classification o f the alignm ent o f polygons to slope data.
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Few  p o ly g o n s  w i th  an  e lo n g a t io n  ra t io  th a t  p u ts  th e m  in th e  ty p e  one  ca teg o ry  ex h ib i t  a 
s t ro n g  a l ig n m e n t ,  w h i le  th e  m a jo r i ty  are u n a l ig n ed .  T h e  sam e  is t ru e  for  e longa ted  
po lygons ,  a l th o u g h  h e re  th e  p ro p o r t io n  be ing  a ligned , u n c e r ta in  an d  u n a l ig n e d  are 
ro u g h ly  equal. T h i s  suggests  th a t  th e  e longa ted  s t ru c tu re s  are m o re  l ike ly  to  ex h ib i t  
a l ig n m e n t  to  slope, w h ic h  fi ts  w i th  th e  a s s u m p t io n  th a t  th is  is th e  fac to r  con tro l l in g  
th e i r  e lo n g a t io n ,  a lbe it  at th is  scale slope a l ig n m e n t  is n o t  espec ia lly  p ro n o u n c e d .  T h e  
fact th a t  g rade  one  fea tu re s  h av e  axes o f  ro u g h ly  equa l  le n g th  also m e a n s  th a t  th e  
u n c e r ta in ty  in  d e te rm in in g  w h ic h  is th e  long  ax is  is s l ig h t ly  g rea te r ,  a l th o u g h  in 
re la t iv e ly  few  cases are t h e y  exac t ly  c ircular.
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Figure 4.30: M inim um  alignm ent to slope against polygon elongation for the three sites 
surveyed.
T y p e  th re e  fea tu re s  are p r im a r i ly  o f  u n c e r ta in  a l ig n m e n t ,  w i th  equal p ro p o r t io n s  o f  
th o se  c lea r ly  a l igned  an d  n o t  a ligned , w h ile  th e  m a jo r i ty  o f  ty p e  fo u r  fea tu re s  are 
a l igned , w i th  a sm a lle r  f r a c t io n  be in g  u n c e r ta in  an d  n o  u n a l ig n e d  fea tu res .  T h i s  does
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seem  to  s u p p o r t  th e  ex p ec ted  t ren d ;  h o w e v e r  th e  low  da ta  v o lu m e s  fo r  fea tu re s  o f  
e lo n g a t io n  th re e  an d  fo u r  m e a n  th a t  th is  a n a ly s is  sho u ld  be t re a te d  w i th  c au t io n .
A lignm ent o f  Polygons to  U nderlying  
Slope (Skagi SfM  S ites)
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F ig u re  4.31: B re a k d o w n  o f  a l ig n m e n t re s u lts  fo r  e ach  s tu d y  area .
B reak ing  d o w n  th e  re su l ts  b y  site sh o w s  th a t  th e  t r e n d s  seen  in  th e se  d a ta  are  la rge ly
te n ta t iv e .  A ll  th r e e  areas  sh o w  s im i la r  t r e n d s ,  w h ic h  are e x p re ssed  in  th e  g ro u p e d  d a ta
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plot. S ig n i f ic a n t ly  th e  re m o te  sens ing  d a ta se t  sh o w s a s im ila r  t r e n d  fo r  ty p e  o n e  and 
tw o  p o ly g o n s  to  th a t  seen in  th e  g ro u n d  based  data . T h e r e  is a s l igh t  increase  in  the  
p r o p o r t io n  o f  a l igned  fea tu re s  as p o ly g o n  e lo n g a t io n  increases, b u t  th e  to ta l  o f  
u n a l ig n e d  o r  u n c e r ta in  p o ly g o n s  does n o t  su b s ta n t ia l ly  decrease. T h e  p lo t o f  e lo n g a t io n  
a g a in s t  a l ig n m e n t  has  a s l igh t  n eg a t iv e  c o r re la t io n  b u t  the  co r re la t io n  coe ff ic ien t  is 
o n ly  0.015.
4.6.3 Variations in size and number o f clasts.
T h e  n u m b e r  o f  d isce rnab le  c las ts  p re se n t  w i th in  a p o ly g o n  coarse  d o m a in  w as  
c o m p a re d  fo r  each  o f  th e  d ig it ised  fea tu res .  It  w as  accep ted  th a t  th o se  p o lygons  
d ig i t ised  f ro m  low  r e s o lu t io n  im ages  w o u ld  h av e  far  fe w e r  d isce rnab le  c lasts  t h a n  those  
d ig it ised  f ro m  in s itu  im ages. F igu re  4.32 show s  th ese  resu l ts  an d  it is im m e d ia te ly  
a p p a re n t  th a t  b o th  da ta  sets  e x h ib i t  a p o s i t ive  co rre la t ion .
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F ig u re  4.32: P o ly g o n  A rea  a g a in s t n u m b e r  o f  c la s ts
T h e  n u m b e r  o f  c lasts inc reases  w i t h  p o ly g o n  size w i th in  b o th  da ta  sets. T h i s  is to  be
ex p e c te d  since a la rger  p o ly g o n  h as  a lo n g e r  p e r im e te r  a n d  so m o re  space fo r  coarse
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d o m a in  m ate r ia l .  H o w e v e r  th is  is w h e re  th e  s im i la r i ty  ends .  T h e  co r re la t io n  is fa ir ly  
w e a k  w h e n  th e  in  s itu  o b se rv a t io n s  o f  c e n t im e t r e  scale fe a tu re s  are co n s id e red  (R 2 o f  
0.22). I t  is c o n s id e rab ly  s t ro n g e r  fo r  m e t re  scale fe a tu re s  ob se rv ed  in  r e m o te  sens ing  
da ta  (R 2 o f  0.69). T h i s  is m o s t  l ike ly  to  be th e  re su l t  o f  th e  ran g e  o f  c las ts  w h ic h  are 
re so lvab le  in  each  case. S ince  th e  m e t r e  scale fea tu re s  are o n ly  re p re se n te d  b y  the  
la rges t  m a te r ia l  th e re  is a m u c h  fas te r  increase  in  th e  n u m b e r  o f  clasts. A  sm all  p o ly g o n  
m ig h t  o n ly  hav e  fo u r  o r  f ive  re so lvab le  clasts, w h ile  a la rge r  one  could  h av e  doub le  or 
t r ip le  th a t  n u m b e r  d e p e n d in g  o n  its p e r im e te r .  In  th e  case o f  th e  c e n t im e t r e  scale 
f e a tu re s  th e re  is a s te a d y  increase  in  th e  n u m b e r  o f  clasts, b u t  s ince  to ta l  clast n u m b e r s  
are so m u c h  h ig h e r  th e re  is n o  su d d e n  ju m p  in  clast n u m b e r  w h e n  c o m p a r in g  sm a lle r  
a n d  la rge r  circles.
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F ig u re  4.33: p lo t o f  n u m b e r  o f  c la s ts  a g a in s t m e a n  d ia m e te r  o f  f iv e  la rg e s t c la s ts .
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C o m p a r in g  size  an d  n u m b e r  o f  c la s ts  a lso  p ro d u c e s  a w e a k  p o s itiv e  c o rre la tio n . T h e  
m o re  c la s ts  o ccu r th e  la rg e r  th e ir  m e a n  d ia m e te r . H e re  th e  tre n d  fo r th e  in  s itu  
o b se rv a tio n s  is m u c h  s teep e r, w h ile  th e  a ir  p h o to  d a ta  e x h ib it  a s l ig h tly  s tro n g e r  
c o rre la tio n .
In  b o th  cases th e  c o n tro llin g  v a riab le  is lik e ly  to  be th e  in c rease  in  p o ly g o n  size. L arger 
p o ly g o n s  h a v e  m o re  c lasts , a n d  th e se  are  a lso  la rg er. T h is  is c o n firm e d  b y  th e  data  
sh o w n  in  F ig u re  4.32 w h ic h  sh o w s a re a so n a b ly  s tro n g  c o rre la tio n  b e tw e e n  p o ly g o n  
area  an d  th e  size  o f  th e  la rg e s t c la s ts  fo r  b o th  d a ta  sets. T h is  is p ro b a b ly  th e  c o n tro llin g  
v a riab le  fo r  b o th  c last s ize  an d  n u m b e r  o f  c lasts , e x p la in in g  th e ir  c o rre la tio n .
V isu a l o b se rv a tio n s  in  th e  fie ld  in d ic a te  th a t  th e  large  m e tre  scale fe a tu re s  c o n ta in  
m o re  b o u ld e r  scale c las ts . T h e se  d a ta  su p p o rt th is  o b se rv a tio n  b y  in d ic a tin g  th a t  c last 
size  does a p p e a r to  scale w ith  p o ly g o n  size  in  b o th  d a ta  se ts. In  a d d itio n  to  th e re  bein g  
la rg e r  c la s ts  in  th e  co arse  d o m a in s  o f  m e tre  scale fea tu re s , th e  la rg e r p o ly g o n s  a lso  h av e  
th e  la rg e r  c la s ts . L a rg e r c e n tim e tre  scale p o ly g o n s  a lso  h a v e  la rg e r  c la s ts  th a n  th e ir  
sm a lle r  n e ig h b o u rs .
W h e n  b o th  th e  m e tre  scale a n d  c e n tim e tre  scale d a ta se ts  a re  co n sid e red  it  is fo u n d  th a t  
th e re  is a p o s itiv e  c o rre la tio n  b e tw e e n  p o ly g o n  area  a n d  c la s t size  w i th  a n  R 2 v a lu e  o f  
0.77. T h e  m e a n  d ia m e te r  o f  th e  fiv e  la rg e s t c la s ts  w as  u sed  as th is  v a lu e  is in d e p e n d e n t 
o f  re s o lu tio n  an d  so p ro v id e s  a s tro n g e r  case th a t  th e re  is a c o rre la tio n  th a n  th e  size  o f  
th e  la rg e s t c la s t. W h e n  c o n s id e re d  in d e p e n d e n tly  b o th  d a ta se ts  s till sh o w  a p o s itiv e  
c o rre la tio n  a l th o u g h  th e  R 2 v a lu es  a re  lo w e r th a n  w h e n  b o th  are  c o n s id e red  as p a r t  o f  
th e  sam e p o p u la tio n .
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F ig u re  4.34: p lo t o f  th e  p o ly g o n  area  a g a in s t th e  m e a n  d ia m e te r  o f  th e  fiv e  la rg e s t c la s ts . 
U s in g  th e  m e a n  d ia m e te r  p ro d u c e s  a n  e s tim a te  o f  m a x im u m  c la s t s ize  w h ic h  is 
in d e p e n d e n t o f  re so lu tio n . C o n s e q u e n tly  i t  p ro v id e s  a u se fu l s tra n d  o f  e v id e n c e  to  
asse ss in g  w h e th e r  th e se  p a ra m e te rs  are  re la ted .
T h i s  o b se rv a t io n  is s ig n if ican t  fo r  d e te r m in in g  w h e th e r  an  a r ra y  o f  c las ts  in  a low  
re so lu t io n  im age  is in  fac t sorted . In  so m e  cases a r a n d o m  d is t r ib u t io n  o f  p o in ts  m a y  
app ea r  to  e x h ib i t  som e  c lu s te r in g  due  to  th e  p o s i t io n s  o f  th e  c lasts  t r ig g e r in g  a h u m a n  
o b se rv e r ’s p red i lec t io n  fo r  reco g n is in g  p a t t e r n s  in  co llec t ions  o f  p o in ts .  H o w e v e r  in  a 
r a n d o m ly  d is t r ib u te d  a r ra y  th e  area w h ic h  appears  to  be a p a r t ia l  p o ly g o n  is also 
r a n d o m  a n d  so w o u ld  n o t  be ex p ec ted  to  be co rre la ted  w i th  th e  size o f  m a te r ia l  w i t h i n  
its e x te n t .  T h e  size o f  th e  largest s to n es  sh o u ld  be in d e p e n d e n t  o f  th e  area o v e r  w h ic h  
th e y  are sam pled .
In  s u m m a r y  a v a r ie ty  o f  p a ra m e te rs  in c lu d in g  th e  e lo n g a t io n  o f  p o ly g o n s ,  t h e i r  
a l ig n m e n t  to  slope, an d  th e  re la t io n sh ip  b e tw e e n  clast a n d  p o ly g o n  size c a n  be u sed  to  
cha rac te r ise  so r ted  p a t te rn e d  g ro u n d  a n d  so m ig h t  p ro v e  use fu l  in  d e te r m in in g  w h e t h e r
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m artian  features are in fact periglacial. These m etrics are revisited in C hapter N ine 
w hen m artian  data are compared to terrestrial analogues.
H ow ever it is noted that the low resolution of m artian  rem ote sensing data lim its the 
extent to w hich some of these param eters can be assessed. Exam ining polygon 
elongation in air photographs yielded a very different result to sim ilar features 
exam ined in the field. T his should be taken into consideration w hen applying these 
results to an environm ent w hich can only be observed using rem ote sensing.
4.7 Average Nearest Neighbour A nalysis
Com paring the aerial photographs to the field observations illustrates the difficulty in 
determ ining w hether features are periglacial from  rem ote sensing alone. W hile the 
param eters discussed in the preceding section can be useful in determ ining w hether the 
expected patterns are present they are of lim ited application for low resolution images.
In  the air photo datasets only the largest boulders are visible as d istinct objects. T he 
rest of the  pattern  is only visible as variations in albedo, w ith  the bright coarse stripes 
standing out against the darker fine domains. In some areas where no large boulders are 
present, the albedo variation is the only indication that a sorted net is present. The 
same holds true for the analysis o f m artian  data, but on that planet far fewer examples 
o f albedo variations have been observed. In  m any cases only the pattern  of clasts can be 
assessed to determ ine w hether an area is sorted.
T he d istribution o f large boulders in the aerial photography is indicative of an 
underlying pattern. How ever, were there no ground tru th  observations it would be 
difficult to categorically state tha t a sorted netw ork was present at m any of these sites. 
T he hum an brain is also very good at m isidentifying structures in random  patterns, 
and will often observe lines and edges where none in fact exist. Consequently, an
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average nearest neighbour analysis w as  c o n d u c te d  to  d e m o n s t r a te  w h e th e r  or  n o t  the  
a r r a n g e m e n t  o f  b o u ld e rs  at th e se  sites w as  s ig n i f ic a n t ly  d if f e re n t  to  a r a n d o m  
d is t r ib u t io n .
T e n  sites across  th e  s u m m i t  o f  T in d a s to l l  w e re  d ig i t ised  b y  c rea t in g  a p o in t  in  an  
A r c G I S  shape file fo r  each  re so lvab le  b o u ld e r  as i l lu s t ra ted  in  F igure  4.35. T h e s e  s ites 
w ere  se lected  because  th e y  e i th e r  h ad  a c lear  p o ly g o n a l  n e t  v is ib le  in  th e  aeria l 
p h o to g ra p h y ,  or  h a d  been  v is i ted  d u r in g  th e  2012 su rv e y  an d  a so r ted  n e t  w as  v is ib le  at 
th e  g round .
N Credit: NERCARSF 
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F ig u re  4.35: I l lu s tr a t io n  o f  d ig itise d  b o u ld e r  p a t te rn .
A  fu r th e r  five s ites  in  loca li ty  one  w ere  also e x a m in e d ,  u s in g  th e  o r th o p h o to  o u tp u t  
f ro m  th e  structure from motion su rv e y  c o n d u c te d  in  2013. S ince  th e se  sites  w e re  im a g e d  
f ro m  th e  g ro u n d  at fa r  h ig h e r  re so lu t io n ,  a fa r  g re a te r  degree  o f  de ta i l  co u ld  be  seen. A ll  
o f  th e  c lasts  g rea te r  t h a n  5 m i l l im e t r e s  in  size w ere  d ig it ised  to  p ro d u c e  th e  p o in t  
d i s t r ib u t io n  n ec e ssa ry  fo r  th e  tes t .  I t  w as  a n t ic ip a te d  th a t  th e se  d a ta  sets  w o u ld  p ro d u c e
a v e ry  d if fe re n t  re su lt  f ro m  th o se  d ig itise d  fro m  th e  aeria l p h o to g ra p h s  s in ce  th e  
p o s itio n s  o f  a lm o s t e v e ry  c la st co u ld  be in c lu d e d  in  th e  an a ly s is . A n  av erag e  n e a re s t 
n e ig h b o u r  a n a ly s is  w as  th e n  c o n d u c te d  o n  th is  d is tr ib u tio n  o f  p o in ts  u s in g  A rc G IS . 
T h e  sam e te c h n iq u e  w ill be u sed  fo r  a sse ss in g  w h e th e r  th e  d is tr ib u tio n  o f  m a r t ia n  
fe a tu re s  is s ig n if ic a n tly  d if fe re n t f ro m  a ra n d o m  d is tr ib u tio n  in  th e  n e x t  ch a p te r .
4.7.1 T h e  s ta t is t ic a l a p p ro a c h
A v erag e  n e a re s t  n e ig h b o u r  a n a ly s is  w as  d ev e lo p ed  b y  C la rk  an d  E v an s  (1954) based  o n  
th e  m e th o d  o f  D ice  (1952). A lth o u g h  o rig in a lly  d ev ised  to  fa c ilita te  eco log ica l re sea rch  
it  h a s  sin ce  b e e n  ap p lied  to  a v a r ie ty  o f  a reas  o f  g eo g rap h ica l s tu d y  in c lu d in g  th e  
d is tr ib u tio n  o f  e x tra te r re s tr ia l  g e o m o rp h ic  fe a tu re s  in  sa te llite  re m o te  sen s in g  da ta  
(B ish o p , 2008, 2007).
T h e  n e a re s t  n e ig h b o u r  a n a ly s is  is a s ta tis t ic a l  te c h n iq u e  w h ic h  assesses w h e th e r  th e re  is 
a p a t te rn  in  a p o p u la tio n  o f  p o in ts  b y  c o m p a rin g  th e  d is ta n c e s  b e tw e e n  each  p o in t  an d  
its  n e a re s t  n e ig h b o u rs  to  th e  e x p ec ted  d is ta n c e  b ased  o n  th e  h y p o th e tic a l ra n d o m  
p a tte rn . T h e  re su ltin g  ra tio  (R ) in d ic a te s  w h e th e r  th e  fe a tu re s  u n d e r  a n a ly s is  are  
r a n d o m ly  d is tr ib u te d , c lu s te red , o r d isp e rsed . A n  R  v a lu e  o f  ze ro  in d ic a te s  th a t  all 
p o in ts  p lo t in  th e  sam e  lo ca tio n . R  v a lu es  b e tw e e n  ze ro  an d  o n e  in d ic a te  a c lu s te re d  
a r ra n g e m e n t w h ile  R  v a lu e s  g re a te r  th a n  o n e  su g g est th a t  th e  a r ra n g e m e n t o f  p o in ts  is 
s ig n if ic a n tly  d isp e rsed . T h e  th e o re tic a l m a x im u m  d isp e rs io n  is R= 2.149, in d ic a tin g  th a t  
th e  p o in ts  a re  a rra n g e d  in  a t r ia n g u la r  la ttic e  (B ish o p , 2007; P in d e r  an d  W ith e r ic k ,
1 9 7 2)-
T h e  n u ll  h y p o th e s is  fo r  th is  te s t  is th a t  th e  d is tr ib u tio n  o f  p o in ts  is c o m p le te ly  sp a tia lly
ra n d o m  a n d  C o n se q u e n tly , h a s  a n  R o f  one . T h e  p ro b a b ility  th a t  th is  is th e  case is
g iv e n  b y  th e  p -v a lu e . L ow  p -v a lu e s  su g g est th a t  th e  d is tr ib u tio n  is v e ry  u n lik e ly  to  be
random , and th a t the d istribution of the points has been influenced by some underlying
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process. A  z-sco re  g iv es th e  s ta n d a rd  d e v ia tio n  o f  th e  re su lt. A  z -sco re  b e tw e e n  -1.96 
a n d  1.96 in d ic a te s  th a t  th e  p a t te rn  is n o t  s ig n if ic a n tly  d if fe re n t f ro m  a ra n d o m  
d is tr ib u tio n  a t a c o n fid e n c e  o f  0.05. A  z -sco re  less th a n  -1.96 o r  g re a te r  th a n  1.94 re tu rn s  
a s ig n if ic a n tly  c lu s te re d  o r  d isp e rsed  re su lt  re sp ec tiv e ly ; th e  n u ll  h y p o th e s is  can  th u s  be 
re jec ted . S ig n ifican ce  can  be assessed  e i th e r  u s in g  th e  p -v a lu e  o r  th e  z -sco re .
Table 4.6: Interpretation of R values
R value P a tte rn
0 Collocated
< 1 C lustered
1 Random
> 1 D ispersed
2 Square Lattice
Z.I49 T riangu lar Lattice
R < 1 C lu s t e r e d R  s  1  R and om R> 1 D i s p e r s e d
Figure 4.36: Interpretation o f average nearest neighbour analysis. Dispersed patterns 
return R values greater than one while clustered pattens produce lower R values.
4.7.2 R esu lts  o f  th e  A v e ra g e  N e a re s t  N e ig h b o u r  A n a ly s is .
T h e  re su lts  o f  th e  n e a re s t n e ig h b o u r  a n a ly s is  a re  p re se n te d  b e lo w . T a b le  4.7 sh o w s th e  
re su lts  o f  ap p ly in g  th e  te s t  to  th e  sm a ll scale  fe a tu re s  a t lo c a lity  o n e  d ig itise d  u s in g  
Structure fro m  M otion. A ll o f  th e se  fe a tu re s  r e tu rn e d  a s tro n g  “c lu s te re d ” re su lt . T h e
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analysis detected the clustering of clasts into coarse dom ains in some parts of the 
image, while m any other areas do not have a significantly large clast population.
T he analysis of the  boulder patterns in the  aerial photographs produced a very different 
result, despite the fact tha t on the ground these features had very sim ilar morphology. 
It can be seen that all of the  sites w ith  the exception o f Site Tw o produced a strongly 
“dispersed” result. N one of these sites are found to be “clustered”.
Table 4.7: Results o f the average nearest neighbour analysis o f the sorting patterns 
digitised from small scale patterned ground collected using structure from motion.
2013
S fM  Sites
Mean Distance 
Observed Expected R-Value z-score p-value Result
S ite  3 0.02 0.02 0.65 '30.22 0.00 Clustered
Site 4 0.02 0.02 0.85 '9.69 0.00 Clustered
Site 8 0.03 0.04 0.86 -10.88 0.00 C lustered
Site 10 0.02 0.02 0.78 -22.31 0.00 Clustered
Site 21 0.03 0.04 0.81 '14.34 0.00 Clustered
In  the h igh resolution data all of the detail of these sites down to m illim etre scale 
granules can be detected. Consequently, alm ost every clast is recorded and the 
clustering w ith in  coarse dom ains registers m ost strongly in the analysis. W h en  only 
the very largest boulders can be detected th is is not the case. Coarse dom ains are 
represented by discontinuous lines of large d istinct clasts and albedo differences 
representing the smaller m aterial w hich cannot be resolved. It is impossible to see the 
clustering of clasts w ith in  the coarse dom ains and so only the  dispersed pattern  of very 
large clasts can be detected.
T he analysis does not re tu rn  a “random ly distributed” result in m ost cases, since the 
boulders are still d istributed into a polygonal lattice around open fine domains. 
A lthough the occurrence of boulders large enough to be resolved is largely random  their
d is tr ib u tio n  a ro u n d  th e  fe a tu re  is n o t. T h e  la rg e  b o u ld e rs  are  seen  b y  th e  a lg o r ith m  as 
b e in g  sp read  o u t a ro u n d  th e  f in e  d o m a in s  a n d  so it  r e tu rn s  a d isp e rsed  re su lt. 
O rg a n is a t io n  c an  s till be d e te c te d  in  th e se  fe a tu re s  d e sp ite  th e  fa c t th a t  m o s t o f  th e  
d e ta il is b e lo w  th e  re so lu tio n  o f  th e  im age.
Table 4.8: Results o f the Nearest Neighbour analysis o f digitised boulder patches 
within the aerial photographs o f the summit o f Tindastoll.
2012
RS Sites
M ean  D istance 
O bserved Expected R -V  alue z-score p-value Result
Site 1 1.12 1.05 x.07 2.91 0.00 D ispersed
S ite 2 1.06 1.06 1.01 0.37 0.71 Random
S ite 3 2.85 2-44 1.17 7.88 0.00 D ispersed
Site 4 1.16 1.01 1.14 8.60 0.00 D ispersed
Site 5 I.IO 0.90 1.22 12.35 0.00 D ispersed
Site 6 0.80 0.66 1.21 14.84 0.00 D ispersed
Site 7 0.87 0.72 1.21 15.02 0.00 D ispersed
Site 8 1.19 1.12 1.06 4.00 0.00 D ispersed
Site 9 1.26 1.14 1.11 7-72 0.00 D ispersed
Site 10 0.91 0.79 1.14 8.46 0.00 D ispersed
S in ce  th e  n e a re s t  n e ig h b o u r  a n a ly s is  re tu rn s  a v e ry  d if fe re n t re s u lt  w h e n  a so rte d  
p a t te rn  is d ig itise d  f ro m  re m o te  se n s in g  d a ta  th is  m u s t  be ta k e n  in to  a c c o u n t w h e n  
in te rp re t in g  th e  re su lts  o f  a p p ly in g  th is  a n a ly s is  to  m a r t ia n  fea tu re s . I t  c an  b e  in fe rre d  
th a t  w h e n  te s tin g  fo r  th e  p re sen ce  o f  a p a t te rn  in  m a r t ia n  d a ta  a d isp e rse d  p a t te rn  is 
m o s t lik e ly  to  in d ic a te  th e  p re sen ce  o f  a c la s tic  n e tw o rk .
4.8 Summary
T h e  re su lts  p re se n te d  in  th e  p reced in g  se c tio n s  i l lu s tra te  a ra n g e  o f  w a y s  in  w h ic h  th e  
m o rp h o lo g y  a n d  d is tr ib u tio n  o f  so r te d  p a tte rn e d  g ro u n d  c an  be c h a ra c te r ise d . T h is  
d e fin es  th e  a ttr ib u te s  th a t  cou ld  be u sed  to  assess  w h e th e r  a n  a rea  o f  b o u ld e r  s tr e w n
ground on M ars could have resulted from  the same processes. H ow ever it can be seen 
tha t m any of these attributes are not found to be consistent w hen m easurem ents of 
rem ote sensing data are compared w ith  m ore reliable in situ observations.
F o r e x a m p le  i t  w as fo u n d  th a t  w h e n  p a tch es  o f  c o h e re n t fe a tu re s  w ere  e x a m in e d  so rted  
s tr ip e s  w ere  m o s t c o m m o n  o n  s te e p e r slopes, w h ile  so rted  p o ly g o n s  o ccu rred  o n  slopes 
w ith  lo w e r g ra d ie n ts . T ra n s i t io n a l  fe a tu re s  w e re  fo u n d  o n  a ran g e  o f  g ra d ie n ts , w ith  
m o re  e lo n g a ted  fe a tu re s  o c c u rrin g  o n  s teep e r g ra d ie n ts  th a n  c irc u la r  p o ly g o n s . T h e  
e lo n g a tio n  o f  so rte d  p o ly g o n s  w i th  in c re a s in g  g ra d ie n t is w e ll d o c u m e n te d  (e.g . K essle r 
a n d  W e rn e r ,  2003; W a s h b u rn , 1973b). I f  th e  e lo n g a tio n  o f  m a r t ia n  fe a tu re s  h a s  th e  sam e 
slope  d e p e n d e n c e  th e n  it  c an  be co n sid e red  to  be m o re  lik e ly  th a t  th e y  fo rm e d  th ro u g h  
th e  sam e  p ro cesses . I f  h o w e v e r , s tr ip e s  a n d  e lo n g a te d  fe a tu re s  are  fo u n d  o n  f la t te r  
g ro u n d , o r p o ly g o n a l s tru c tu re s  o n  h ill  slopes th e n  a d if fe re n t e x p la n a tio n  is m o re  
lik e ly .
How ever, it was found tha t th is trend was difficult to confirm  using the air photograph 
data. T his was partly  due to the scarcity of easily digitised stripes in th is data set. If  the 
same is true of m artian  data then  elongation against slope m ight not be the best m etric 
to use to  assess m artian  patterns.
Sorted patterned ground occurs at a wide range o f scales, and there does seem to be a 
correlation betw een the size o f sorted circles and the size of the m aterial that comprises 
them . Clast size was found to scale w ith  polygon size. T his was just as apparent in the 
air photo data set as in the field observations. Consequently, a sim ilar trend would be 
expected to occur w hen m artian  features are examined.
Finally and m ost usefully the  results of the average nearest neighbour analysis indicate 
tha t the resolvable clasts in a sorted environm ent are significantly different from  a 
random  distribution. W h en  high resolution data are used to digitise the  clast
distribution o f small scale patterned ground it is found to be significantly clustered, 
whereas w hen larger scale features are digitised from  low resolution datasets th is is not 
the case and a dispersed pattern  is returned.
T his is probably due to the sampling of clasts in these tw o data sets. In a high 
resolution image taken from  the ground all o f the clasts greater than  i m m  in size can 
be included in the  analysis and the clusters of clasts that m ake up the coarse dom ains 
are detected. In the case o f a structure digitised from  low resolution data th is is no t the 
case. O nly  the largest clasts are included in the analysis and these produce a m uch 
stronger dispersed result because the detail w ith in  the coarse dom ains does not obscure 
the larger scale structure of the polygons them selves.
In  C hapter Five the same analysis w ill be applied to a range o f m artian  features to 
determ ine w hether they  do exhibit the same behaviour and retu rn  a significantly 
dispersed pattern. Since satellite images o f M ars are of even lower resolution than  the 
air photos used in th is analysis they  should exhibit sim ilar trends. A  dispersed result 
would indicate that d istribution is sim ilar to terrestrial patterned ground. O n  the other 
hand if  m artian  features were found to consist o f arrangem ents o f clasts w hich appear 
to form  a discontinuous net under visual inspection, but w hich consist o f a random  
pattern , or small clusters of clasts, w hen analysed, then  periglacial sorting is a less 
likely explanation.
161
5 Chapter Five: Survey o f Possible Sorted Patterned 
Ground in and Around Lomonosov Crater
5.1 A im s
C h a p te r  F o u r e x a m in e d  a te r re s tr ia l  p e rig lac ia l e n v iro n m e n t to  d e te rm in e  h o w  so rted  
p a tte rn e d  g ro u n d  w o u ld  ap p e a r in  re la tiv e ly  lo w  re so lu tio n  re m o te ly  sen sed  im ages. I t  
w a s  e s ta b lish e d  th a t  an  av e rag e  n e a re s t n e ig h b o u r  a n a ly s is  cou ld  be u sed  to  d e te rm in e  
w h e th e r  th e  large c la sts  v is ib le  in  re m o te ly  sen sed  im ag es w ere  d is tr ib u te d  ra n d o m ly  o r 
w e re  p a r t  o f  a n  u n d e r ly in g  p a tte rn . M e a su rin g  th e  slopes o n  w h ic h  d if fe re n t so rted  
fe a tu re s  o ccu r cou ld  p ro v id e  a n o th e r  s tra n d  o f  ev id en ce  fo r  th e ir  p e rig lac ia l o rig in , b u t 
th e  re lia b ili ty  o f  th is  a s se ssm e n t w a s  lim ite d  b y  th e  lo w  re s o lu tio n  o f  re m o te  sen s in g  
im ages.
T h is  c h a p te r  w ill b u ild  u p o n  th e  d isc u ss io n  in  C h a p te r  F o u r b y  a p p ly in g  th e  average  
n e a re s t n e ig h b o u r  a n a ly s is  to  a re g io n  o f  th e  N o r th e rn  P la in s  o f  M a rs  w h ic h  co u ld  be a 
p e rig lac ia l lan d scap e . S in ce  th e  n e a re s t  n e ig h b o u r  a n a ly s is  in v o lv e d  tim e  c o n su m in g  
d ig itis a tio n  o f  b o u ld e r p a t te rn s  i t  co u ld  n o t  be ap p lied  to  th e  e n tire  su rv ey . 
C o n s e q u e n tly  a s e m i-q u a n tita tiv e  ra n k in g  w as d ev e lo p ed  th a t  cou ld  be ea s ily  ap p lied  to  
a ll so rte d  fea tu re s . T h is  is d e f in e d  in  se c tio n  5.3.3, an d  ap p lied  to  a v a r ie ty  o f  ex am p les  
ac ro ss  th is  case s tu d y . T h e  av e rag e  n e a re s t n e ig h b o u r  an a ly s is  is th e n  u sed  to  te s t  th e  
re lia b ili ty  o f  th is  r a n k in g  in  se c tio n  5.5.1 e s ta b lish in g  it  as a v iab le  m e th o d o lo g y  fo r th e  
m a in  m a r t ia n  su rv ey .
T h e  o v e ra ll h y p o th e s is  o f  th is  p ro je c t is th a t  th e se  m a r t ia n  c la s tic  n e tw o rk s  fo rm e d
th ro u g h  s im ila r  p ro cesses  to  th e i r  te r re s tr ia l  c o u n te rp a r ts . I f  th is  is th e  case th e n  th e y
w o u ld  be ex p ec ted  to  e x h ib it  th e  sam e  n o n - ra n d o m  c last d is tr ib u tio n  as te r re s tr ia l
p e rig la c ia l fe a tu re s . C o n v e rs e ly  th e  p re sen ce  o f  a ra n d o m  d is tr ib u tio n  w o u ld  in d ica te
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th a t these boulder patterns probably occurred through chance and are not evidence of a 
m artian  periglacial landscape.
Since these features are being exam ined in relatively low resolution satellite images 
only the largest clasts can be detected. Consequently, they will be m ost comparable to 
the features digitised from  air photographs on Earth, rather than  the higher resolution 
sites exam ined using ground based images. Polygonal structures would thus be 
expected to have a significantly dispersed arrangem ent of clasts, whereas rubble piles 
would be expected to be clustered.
Stripes could exhibit either behaviour depending on the thickness o f the coarse 
dom ains and the num ber of clasts w ith in  each. If  th in  stripes, where only a single line 
of discernible clasts is present, are found, then  a dispersed result is m ost likely. Sites 
w ith  m ore clasts in the coarse dom ains would be expected to re tu rn  a clustered result, 
as the  groups o f clasts w ith in  the dom ains will be m ore pronounced than  the spaces 
between them . T his was the case w ith  the examples o f centim etre scale patterned 
ground analysed in the previous chapter, because every clast was included, clustering 
was m ore pronounced.
U nlike the air photographs of Iceland, polygonal variations in albedo are largely absent 
in  images of m artian  terrains, but there are places w here boulders appear to form  lines 
and clusters. These sites are hypothesised to be an expression of sorted patterned 
ground but since the N orthern  Plains o f M ars are frequently  boulder-strew n it is 
im portant to determ ine w hether the boulders are the result o f a random  distribu tion  or 
not.
T he details of the surveys conducted to find putative periglacial sites across the 
M artian  N orthern  Plains will be discussed in detail in C hapters Six, Seven and Eight.
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T h is  se c tio n  w ill fo cu s o n  a s ing le  case s tu d y  w h e re  a ra n g e  o f  p u ta tiv e  pe rig lac ia l 
fe a tu re s  o c c u r in  c lose p ro x im ity .
5.2 Background
O b se rv a tio n s  o f  so rted  p a tte rn e d  g ro u n d  o n  M a rs  h a v e  b e e n  d esc rib ed  in  se c tio n  2.4.7. 
T h e se  fe a tu re s  o ccu r a t a ra n g e  o f  lo c a tio n s  across th e  n o r th e rn  p la in s  an d  d iffe re n t 
m o rp h o lo g ie s  a re  fo u n d  in  d if fe re n t p laces (e.g . B alm e e t al., 2009; G a lla g h e r  e t al., 2011; 
O r lo f f  2012). T h e  re g io n  c h o se n  fo r  th is  s tu d y  is c h a ra c te r ise d  b y  p a tc h e s  o f  b o u ld e r 
s tre w n  g ro u n d  m a n y  o f  w h ic h  c o n ta in  so rted  p a tte rn s . T h e se  are  p r im a r ily  fo u n d  a t 
h ig h  n o r th e rn  la titu d e s .
T h e se  b o u ld e r  p a tc h e s  h a v e  b een  d o c u m e n te d  b y  M a lin  an d  E d g e tt (2001), w h o  also  
m ad e  th e  in it ia l  o b se rv a tio n s  o f  th e  “b o u ld e r  b o u n d e d  p o ly g o n s” in  L yo t C ra te r . 
S ev era l o th e r  b o u ld e r  p a t te rn s  a re  c o m m o n  in  th is  re g io n  in c lu d in g  th e  fe a tu re s  
c h a ra c te r ise d  as “b a sk e tb a ll te r r a in ” , th e se  w e re  o rig in a lly  o b se rv ed  as re g io n s  o f  
s tip p le d  te r ra in  in  lo w e r  re so lu tio n  im ag es (H e a d  e t ah, 2003; K res lav sk y  an d  H ead , 
2002; M a lin  a n d  E d g e tt, 2001). T h is  te r ra in  c o n s is ts  o f  sm a ll ru b b le  p iles, w h ic h  can  
c lea rly  be  re so lv ed  as su ch  in  h ig h e r  re so lu tio n  im ag es (K re s la v sk y  e t ah, 2011).
M a n y  p a tc h e s  o f  b o u ld e rs  in  th is  area  fo rm  “b o u ld e r  h a lo e s” ; r in g s  o f  ru b b le  w h ic h  
s u rro u n d  sm a ll o r  b u rie d  im p a c t c ra te rs  in  th is  area  (L ev y  e t ah, 2008a; O r lo f f  e t ah,
2011). B o u ld e r h a lo es  a n d  b o u ld e r  p a tc h e s  fo rm  th e  fo cu s o f  th is  in v e s tig a tio n  a n d  are  
d e sc rib ed  an d  il lu s tra te d  in  se c tio n  5.2.2. I t  seem s m o s t lik e ly  th a t  th e se  c lu s te rs  o f  
b o u ld e rs  w e re  e m p laced  th ro u g h  e je c tio n  o f  f ra g m e n te d  m a te r ia l  f ro m  th e ir  a sso c ia ted  
im p a c t c ra te rs  (L ev y  e t ah, 2008a). T h e  b o u ld e rs  w e re  d is tr ib u te d  a ro u n d  th e  c ra te r, 
p re su m a b ly  in  a ra n d o m  p a tte rn , a n d  la te r  a rra n g e d  b y  o th e r  p ro cesses  to  fo rm  so rted  
p a tte rn s  (L ev y  e t ah, 2010, 2008a; M e llo n  e t ah , 2008; O r lo f f  e t ah, 2011, 2013; O rlo ff ,
2012).
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5.2.1 Study Area
T h e  re g io n  o f  n o r th -e a s te rn  A c id a lia  P la n itia  in  th e  v ic in ity  o f  L o m o n o so v  C r a te r  h a s  
th e  d e n se s t c o n c e n tra tio n  o f  p u ta tiv e  so r te d  p a tte rn e d  g ro u n d  o f  a n y  re g io n  o f  th e  
N o r th e rn  P la in s  su rv e y e d  in  th is  in v e s tig a tio n . T h is  a rea  w as  e x a m in e d  as p a r t  o f  th e  
C T X  su rv e y  o f  e a s te rn  A c id a lia  P la n itia  th a t  w ill be  d esc rib ed  in  C h a p te r  S ix . I t  w as  
fo u n d  to  be c h a ra c te r ise d  b y  th e  p re sen ce  o f  sm a ll b u rie d  im p a c t c ra te rs  su rro u n d e d  b y  
c lu s te rs  o f  b o u ld e rs  as sh o w n  in  F ig u re  5.2 in  th e  n e x t  sec tio n .
L ocated  a t 6 4 .9 ° ^  9.3°W  L o m o n o so v  C ra te r  is a 150 k m  d ia m e te r  im p a c t s t ru c tu re  w i th  
a -  100 k m  ra d iu s  e jec ta  b la n k e t. T h e  c ra te rs  e jec ta  is c la ss ified  as “d iv e rs e ” e x h ib it in g  
so m e e v id e n c e  o f  f lo w -lik e  e m p la c e m e n t (B a rlo w  e t al., 1990; B arlo w  a n d  B rad ley , 
1990). L o m o n o so v  C ra te r  lacks a la rg e  c e n tra l u p lif t  fe a tu re , a lth o u g h  a sm a ll r id g e  can  
be fo u n d  n e a r  its  c e n tre . T h e re  is n o  la rg e  icy  m o u n d  o f  th e  so r t o f te n  o b se rv e d  in  
c ra te rs  a t h ig h  n o r th e rn  la titu d e s  (C o n w a y  e t al., 2012; G a rv in  e t al., 2000). L o m o n o so v  
C ra te r  is su rro u n d e d  b y  th e  g e n e ra lly  lo w  ly in g  p la in s  o f  th e  V a s ti ta s  B o rea lis . A  la rg e  
n u m b e r  o f  sm a lle r  im p a c t c ra te rs  can  be fo u n d  in  th e  area  a ro u n d  a n d  in  so m e  cases 
w i th in  L o m o n o so v . T h e se  p ro v id e  th e  m a jo r ity  o f  th e  h ig h  re l ie f  te r r a in  in  th is  p a r t  o f  
th e  n o r th e rn  p la in s . T h e  o n ly  la rg e  scale fe a tu re  o f  th e  c ra te r  in te r io r  is a d u n e  f ie ld  20 
k m  lo n g  a n d  12 k m  w id e  a t its  g re a te s t e x te n t. T h is  is lo ca ted  to  th e  east o f  th e  c r a te r ’s 
c e n tre  a n d  m a y  su p e rp o se  o th e r  e x a m p le s  o f  th e  b o u ld e r p a tc h e s  e x a m in e d  in  th is  
s tu d y .
S ev era l sm a ll co n ica l m o u n d s  are  lo ca ted  n e a r  th e  c e n tre  o f  th e  c ra te r  w h ic h  h a v e  a 
s im ila r  m o rp h o lo g y  to  th o se  fo u n d  acro ss  th e  s o u th e rn  p a r t  o f  A c id a lia  P la n it ia  (A lle n , 
I9795 F a rra n d  e t al., 2005). S im ila r  fe a tu re s  h a v e  b e e n  su g g ested  as p o ss ib le  m a r t ia n  
p in g o s  (B u rr  e t al., 2009; D u n d a s  a n d  M c E w e n , 2010) a l th o u g h  n u m e ro u s  n o n -  
p e rig lac ia l h y p o th e se s  co u ld  e x p la in  th e i r  m o rp h o lo g y  (G h e n t  e t al., 2012; O e h le r  a n d
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A llen ,  2010). S co tt  and  U n d e r w o o d  (1991) describe  a large n u m b e r  o f  such  m o u n d s  in  
th e  in te r io r  o f  L o m o n o so v  C ra te r .  T h e i r  o b se rv a t io n s  w ere  m a d e  u s in g  low  re so lu t io n  
V ik in g  im ages ,  a n d  w h ile  a few  such  m o u n d s  are p re se n t  in  th e  cen tre  o f  L o m o n o so v  in  
h ig h e r  r e s o lu t io n  C T X  d a ta  t h e y  are n o t  as w id e sp re a d  as suggested  by  S co tt  and  
U n d e r w o o d .  C o n se q u e n t ly ,  it is possib le  th a t  th e i r  “d a rk -c re s ted  h i l l s” m a y  be th e  f irst 
o b s e rv a t io n  o f  th e  b o u ld e r  p a tch es  th a t  cover  th e  c ra te r  floor.
Crater Rim
HIRISE Image
F ig u re  5.1: M ap  o f  L o m o n o so v  C ra te r  sh o w in g  th e  lo c a tio n  o f  th e  c ra te r  r im  a n d  th e  
e x te n t  o f  th e  c e n tra l  d u n e  fie ld . T h e  d is tr ib u tio n  o f  H iR IS E  im ag es  ac ro ss  th e  c ra te r  
in te r io r  is sh o w n  (T H E M IS  d a y tim e  d a ta ) .
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5.2.2 Boulder Patches
L o m o n o so v  C r a te r  an d  th e  s u r ro u n d in g  p la in s  ( s h o w n  in  F igu re  5.1) are covered  w i th  
p a tch es  o f  b o u ld e r  s t r e w n  g ro u n d  w h ic h  ran g e  in  size f ro m  a few  h u n d re d  m e t r e s  to  a 
k i lo m e tre  across  ( f ig u re  5.2). T h e s e  b o u ld e r  p a tch es  g enera l ly  o ccu r  o n  fla t  g ro u n d  and  
are th e  d en ses t  c o n c e n t ra t io n s  o f  b o u ld e rs  in  th e  area. S o m e  p a tc h e s  ap p e a r  to  fo rm  
haloes, u su a l ly  severa l h u n d re d  m e tre s  in  d iam e te r ,  a ro u n d  th e  r im s  o f  b u r ie d  im p a c t  
c ra te rs .  S o m e t im e s  th e  c ra te r  in te r io rs  are f ree  o f  bou lders ,  w h i le  in  o th e r  cases th e  
b o u ld e r  p a tc h  is a lm o s t  c o n t in u o u s  f ro m  one  side o f  th e  fe a tu re  to  th e  o th e r .  I t  is 
possib le  th a t  c o m p le te ly  bu r ied  c ra te rs  are also p re se n t  b e n e a th  th o se  p a tch es  w h ic h  do 
n o t  app ea r  to  fo rm  a ha lo  a ro u n d  a p re -e x is t in g  s t ru c tu re .  S o m e  b o u ld e r  f ie lds  are 
u n d e r la in  b y  f ra c tu re  p a t te rn s ,  w h ile  o th e rs  are o n  sm o o th e r ,  n o n - p a t t e r n e d  g ro u n d .
1,000 m
HiRISE E S P 0 1 7 5 8 0 _ 2 4 6 0  
1 Credit: NASA/JPL/ University of Arizona V
F ig u re  5.2: B o u ld e r p a tc h e s  in  th e  in te r io r  o f  L o m o n o so v  C ra te r  H iR IS E  Im a g e
ESP_oi758o_246o.
I n  som e  places sm all  p a tc h e s  o f  b o u ld e rs  ra d ia te  f ro m  one  p o in t  o n  th e  r im s  o f  la rg e r  
im p a c t  cra ters ,  r a th e r  t h a n  fo rm in g  a c o h e re n t  r in g  a ro u n d  th e  fea tu re .  S u c h  a s ite  is
1 6 7
sh o w n  in  F igu re  5.3. T h i s  g en era l ly  seem s to  be th e  case fo r  m u l t ip le  k i lo m e tre  scale 
fea tu res .  In  m a n y  o f  these  p a tch es  th e re  appears  to  be som e degree  o f  o rg an isa t io n .  T h e  
m e tre -sc a le  c las ts  do n o t  ap p ea r  to  be r a n d o m ly  d is t r ib u ted ,  as is th e  case o v e r  m u c h  o f  
th e  m a r t i a n  surface, in s tead  th e y  fo rm  lines  an d  arcs o f  clasts. In  som e cases these  
a p p ea r  to  be p a r t  o f  a d is c o n t in u o u s  ne t .  M a n y  o f  th e se  s t ru c tu re s  app ea r  to  be 
m o rp h o lo g ic a l ly  s im i la r  to  th e  so r ted  p o ly g o n s  fo u n d  in te r re s t r ia l  perig lacial  
e n v i r o n m e n t s  descr ibed  in  C h a p te r  Four, a lbe it  on  a m u c h  la rge r  scale.
*
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500 m
HiRISE P S P  010051 2435
Credit: NA SA/JPL/ University of Arizona
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F ig u re  5.3: C lu s te r  o f  b o u ld e rs  o n  th e  r im  o f  a la rg e r im p a c t c ra te r  (m a rk e d  w i th  a s ta r) . 
A  sm a ll g u lly  is lo ca ted  o n  th e  in n e r  w a ll o f  th e  c ra te r . T h e  b o u ld e rs  a re  c lu s te re d  o n
th e  o u te r  w all.
5.2.3 D is tr ib u t io n
B o u ld e r  p a tc h e s  w ere  fo u n d  to  be c o m m o n  b o th  in  th e  c ra te r  in te r io r  a n d  across  th e
s u r ro u n d in g  p la ins ,  b u t  are scarce in  th e  a reas  covered  by  the  ejecta b lanke t .
E x a m in a t io n  o f  th e  l im i te d  n u m b e r  o f  H iR I S E  im ag es  in  th is  area c o n f i rm e d  th a t  large
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sw a th e s  o f  b o u ld e r  co v e red  g ro u n d  ap p ea r to  e x h ib it  o rg a n isa tio n  w h ic h  co u ld  be a 
fo rm  o f  so rte d  p a tte rn e d  g ro u n d . C o n se q u e n tly , th is  re g io n  p ro v id e s  a n  e x c e lle n t case 
s tu d y  to  assess th e  lik e lih o o d  th a t  th e se  fe a tu re s  a re  ra n d o m ly  d is tr ib u te d . T h is  s ite  
w ill a lso  be re v is ite d  la te r  in  th is  th e s is  as p a r t  o f  th e  d isc u ss io n  o n  th e  fo rm a tio n  
m e c h a n ism  o f  th e se  fe a tu re s .
B o u ld e r fie ld s  are  c o m m o n  acro ss  th e  f la t p la in s  su rro u n d in g  th e  c ra te r , a n d  in  th e
c ra te r  in te r io r , b u t  are  less c o m m o n  o n  th e  s te e p e r slopes a ro u n d  th e  c ra te r  a n d  o n  th e
ejec ta  b la n k e t. T h e  c e n tre -e a s t  o f  L o m o n o so v  c ra te r  c o n ta in s  a la rg e  d u n e  fie ld  a n d  n o
b o u ld e r  c lu s te rs  a re  p re se n t w i th in  it. H iR IS E  im ag es  o n ly  co v e r a sm a ll a rea  o f  th e  
in te r io r  o f  th e  c ra te r , m a in ly  o n  th e  n o r th e rn  w a ll a n d  a ro u n d  th e  cen tre ; th e se  a re  th e  
p a r ts  o f  th e  s tu d y  s ite  w h e re  th e  m o s t in -d e p th  a n a ly s is  h a s  ta k e n  p lace . A ll o f  th e  
H iR IS E  im ag es o f  th e  area  s u rro u n d in g  L o m o n o so v  h a v e  also  b e e n  e x a m in e d .
5.3 M ethods
5.3.1 R e so lu tio n  o f  th e  D a ta  S e ts
F ig u re  5.4 il lu s tra te s  a b o u ld e r  p a tc h  in  th e  v ic in i ty  o f  L o m o n o so v  c ra te r . T h e  sam e  
fe a tu re  is sh o w n  in  b o th  H iR IS E  an d  C T X  im ag es. In  th e  H iR IS E  im a g e  (25 c m /p ix e l )  
in d iv id u a l b o u ld e rs  can  be d is tin g u ish e d  a n d  a n  a sse s sm e n t c a n  b e  m a d e  o f  w h e th e r  
o rg a n isa tio n  is p re se n t. In  th e  C T X  im ag e  (6 m /p ix e l )  th e  a r ra n g e m e n t o f  th e  c la s ts  
c a n n o t be th o ro u g h ly  d esc rib ed  a n d  it  is th u s  im p o ss ib le  to  te ll  w h e th e r  o rg a n is a t io n  is 
p re se n t o r  n o t. N o  e x am p le s  o f  so r te d  p a tte rn e d  g ro u n d  h a v e  b e e n  fo u n d  o u ts id e  th e  
b o u ld e r p a tch es . C la s ts  a re  sp a rse ly  d is tr ib u te d  o u ts id e  th e  b o u ld e r  p a tc h e s  a n d  do  n o t  
ap p e a r to  e x h ib it  o rg a n isa tio n .
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Figure 5.4: Com parison o f boulder patches in H iRISE (upper image) and C T X  (lower
im ag e).
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C T X  co v erag e  is p re se n t ac ro ss  m o s t o f  th e  s tu d y  area, so th is  c an  be u sed  to  f in d  
lo c a tio n s  w h e re  p a tc h e s  o f  b o u ld e rs  o ccu r, an d  th u s  w h e re  so r tin g  is p o ss ib le . H o w e v e r , 
i t  is  o n ly  p o ss ib le  to  lo ca te  th e  so r tin g  p a tte rn s  th e m se lv e s  in  th e  fe w  lo c a tio n s  w h e re  
H iR IS E  im ag es are  p re se n t. T h is  lim ite d  H iR IS E  coverage  m e a n s  th a t  th e  d is tr ib u tio n  
o f  th e  s ite s  e x a m in e d  in  th is  s tu d y  is u n e v e n . T h e  n o r th  w e s te rn  a n d  c e n tra l  p o r t io n s  o f  
L o m o n o so v  C ra te r  h a v e  m u c h  b e tte r  co v erag e  th a n  th e  so u th  e a s te rn  re g io n  a n d  all 
H iR IS E  im ag es  are  iso la ted  f ro m  o n e  a n o th e r  w i th  v e ry  li t t le  o v erlap .
O n  th e  s u rro u n d in g  p la in s  th e  H iR IS E  im ag es  a re  w id e ly  d is tr ib u te d  a n d  o n ly  c o v e r  a 
v e ry  lim ite d  area . T h is  l im its  th e  e x te n t  to  w h ic h  re g io n a l t re n d s  ca n  b e  a ssessed  as 
th e re  are  n o t  e n o u g h  p o in ts  in  so m e p a r ts  o f  th e  s tu d y  area  to  p ro d u c e  a c o n tin u o u s  
m ap . H o w e v e r  th e  p re sen ce  o f  b o u ld e r  p a tc h e s  in  a r e la tiv e ly  la rg e  n u m b e r  o f  
ra n d o m ly  sam p led  lo c a tio n s  su g g ests  th e i r  p re sen ce  in  a reas  w h ic h  h a v e  y e t  to  be 
im ag ed  a t H iR IS E  re so lu tio n s . L o w er re so lu tio n  H R S C  im ag es  h a v e  b e e n  u sed  to  
c o n f irm  th a t  b o u ld e r  p a tc h e s  o ccu r in  a reas  w h ic h  are  n o t  co v e red  b y  th e  C T X  im ag es  
a n d  are  in  fac t u b iq u ito u s  acro ss  th is  reg io n .
5.3.2 S u rv e y  P ro c e d u re
A ll b o u ld e r  c lu s te rs  w i th in  th e  s tu d y  area  w e re  id e n tif ie d  an d  th o s e  c o v e re d  b y  H iR IS E  
im ag es  w ere  a ssessed  fo r  a n u m b e r  o f  p a ra m e te rs ; th e  p re sen ce  a n d  q u a li ty  o f  a so r te d  
n e t, th e  p re se n c e  o f  a n  u n d e r ly in g  f ra c tu re  p a t te rn  a n d  th e  l ik e lih o o d  th a t  th e  s o r te d  n e t  
w as re la te d  to  th e  u n d e r ly in g  f ra c tu re  p a t te rn . 147 b o u ld e r  c lu s te rs  ac ro ss  th e  17 H iR IS E  
im ag es  w i th in  500 k m  o f  L o m o n o so v  c ra te r  w e re  e x a m in e d . F ive  o f  th e s e  im a g e s  c o v e r  
se c tio n s  o f  th e  c ra te r  in te r io r  w h ile  12 are  lo ca ted  o n  th e  su r ro u n d in g  p la in s . T a b le  5.1 
su m m a rise s  th e  H iR IS E  im ag es  e x a m in e d  in  th is  area , an d  F ig u re s  5.5 a n d  5.6 s h o w  th e  
d is t r ib u tio n  o f  H iR IS E  a n d  C T X  im ag es.
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Figure 5.6: D istribu tion  of C T X  images across the study area.
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Table 5.1: Sum m ary o f the  H iR ISE images exam ined in  th is investigation.
Im age Location Lat Long Solar Longitude
PSP_ooi520_247o Exterior W est o f crater 66.575° 332.881° 139.4°, Sum m er
PSP_oo744o_2455 In terio r C ra te r in terio r 64.987° 351.008° 37.6°, Spring
PSP_oioo5i_2435 Exterior W est o f crater 63.094° 339.264° 128.6°, S um m er
PSP_oio644_2455 In terio r C rater in terio r 65.264° 349.498° 151.5°, Sum m er
TRA_ooo846_2475 E xterior East o f  crater 67.069° 0.012° 114.4°, Sum m er
ESP_oi7079_24io E xterior South  o f crater 60.458° 348.761° 66.0°, Spring
ESP_oi7i3i_2485 E xterior East o f crater 68.041° 6.672° 67.7°, Spring
E S P_oi 7 58 o_2460 In terio r N o rth  w all 65.672° 350.288° 83.0°, Spring
ESP_oi7632_2475 Exterior East o f crater 67.054° 9.226° 84.8°, Spring
ESP_oi7685_249o E xterior East o f crater 68.743° -1.182° 86.6°, Spring
ESP_oi99oo_247o E xterior East o f  crater 66.925° 9.267° 169.7°, S um m er
ESP_o23738_24I5 Exterior South  o f crater 61.061° 348.710° 347.6°, W in te r
ESP_o25294_24I5 E xterior South  o f crater 61.426° 348.533° 45.4°, Spring
ESP_o25769_2435 E xterior W est o f  crater 63.168° 339-345° 61.7°, Spring
ESP_o2644i_246o In terio r East W all 65.561° 352.299° 84.6°, Spring
ESP_o2685o_2475 Exterior N o rth  W est 67-343° 345.811° 98.7°, Sum m er
ESP_0279i8_2455 In terio r East W all 65.061° 351-573° 37.6°, Spring
5.3.3 G ra d in g  o f  S o rte d  P a tte rn s
T h e  d eg ree  o f  so r tin g  a t e ach  o f  th e se  s ite s  w as  ra n k e d  b e tw e e n  ze ro  (n o  e v id e n c e  o f
o rg a n is a tio n )  a n d  fiv e  (e x h ib itin g  a d is t in c t  so r tin g  p a t te rn ) .  T h e  c r ite r ia  are  
su m m a rise d  b e lo w  (see T a b le  5.2).
T a b le  5.2: C la s s if ic a tio n  o f  so r tin g  g rades:
G ra d e D e s c r ip t io n
0 N o  e v id e n c e  o f  o rg a n isa tio n
1 U n c e r ta in  o rg a n isa tio n
2 C lu s te r in g  o f  c la s ts
3 C le a r  lin e s  an d  a rcs
4 D is c o n tin u o u s  n e t
5 C o n tin u o u s  p a t te rn
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Grade Zero: No Organisation
B o u ld ers  a re  sc a tte re d  across th e  im ag e  in  a se e m in g ly  ra n d o m  d is tr ib u tio n  an d  n o  lin e s  
o r c lu s te rs  o f  c la s ts  are  a p p a re n t.
Grade One: Uncertain Organisation
T h e re  m a y  be som e c lu s te r in g  o r  a lig n m e n t o f  c la s ts  b u t  w h e th e r  a p a t te rn  is p re se n t 
re m a in s  h ig h ly  u n c e r ta in .
Grade Two: Clustering of Clasts
T h e re  are  so m e a reas  w h e re  c la sts  ap p e a r to  be c lu s te re d  o r coa lig n ed , b u t  th e y  do n o t  
fo rm  a c lear p a tte rn .
Grade Three: Clear Lines and Arcs
B o u ld e rs  are  a rra n g e d  in to  lin e s  sep a ra ted  b y  re a so n a b ly  c lear spaces b u t  do  n o t  fo rm  
c o h e re n t p o ly g o n s .
Grade Four: Discontinuous net
L in es o f  c la s ts  are  c o m m o n  a n d  m o s t c la s ts  ap p ea r to  f i t  th e  edges o f  a p o ly g o n a l n e t, 
e v e n  i f  th a t  n e t  is n o t  c o n tin u o u s .
Grade Five: Continuous Pattern
C la s ts  fo rm  c lear so r te d  s tr ip e s  a n d  p o ly g o n s  s im ila r  to  th o se  seen  in  te r re s tr ia l  
p e rig lac ia l e n v iro n m e n ts  a n d  e x a m p le s  f ro m  th e  M a rs  p e rig lac ia l l i te ra tu re .
In  o rd e r  to  p e rfo rm  th is  c la ss if ic a tio n  th e  o b se rv ed  fe a tu re s  w e re  c o m p a re d  to  ty p e  
e x a m p le s  f ro m  p re v io u s  s tu d ie s  o n  th is  sub jec t, in  p a r tic u la r  f ro m  (G a lla g h e r  e t al., 
2011b). A  g rad e  w as c h o se n  b ased  o n  th e  a r ra n g e m e n t o f  c la s ts  a n d  th e  s im ila r i ty  o f  th e  
fe a tu re s  to  th e  ty p e  ex am p le s . T h e  sam e  p ro ced u re  w as ap p lied  to  e v e ry  e x am p le  o f  
so r te d  p a tte rn e d  g ro u n d  e x a m in e d  b o th  in  th is  re g io n  an d  e lse w h e re  o n  th e  N o r th e rn
. *74
P la in s  an d  a s im ila r  m e th o d o lo g y  w a s  u sed  to  c h a ra c te rise  o th e r  p u ta tiv e  pe rig lac ia l 
la n d fo rm s .
S ite s  w h ic h  w ere  c la ss ified  as fa llin g  b e tw e e n  g rad es zero  to  tw o  a re  c o n s id e re d  to  lack  
p a tte rn e d  g ro u n d . T h e re  m a y  be a sm a ll a m o u n t o f  c lu s te r in g  o f  c las ts , b u t n o t 
su ff ic ie n t to  su g g est th a t  th e  a r ra n g e m e n t is in d ic a tiv e  o f  a n  u n d e r ly in g  p rocess. S ite s  
w i th  g rad e  th re e  m a y  su g g est th a t  a so rtin g  p ro cess  is a t w o rk  b u t  re m a in s  u n c e r ta in , 
w h ile  th o se  c la ss ified  as g rad es fo u r  o r fiv e  a re  lik e ly  to  p ro v id e  s tro n g  ev id en ce  th a t  
th e se  la n d fo rm s  a re  th e  re su lt  o f  a sp ec ific  g eo m o rp h ic  p rocess. E x a m p le s  o f  each  g rad e  
are  sh o w n  in  F ig u re  5.7.
I t  is th e  h ig h e r  g rad ed  fe a tu re s  w h ic h  are  o f  m o s t in te re s t  to  th is  s tu d y . T h e  re g io n  
a ro u n d  L o m o n o so v  C ra te r  h a s  th e  h ig h e s t c o n c e n tra tio n  o f  h ig h ly  g rad ed  s ite s , a n d  th e  
m o s t e x a m p le s  o f  c la s tic  p a t te rn s  o v e r  all. C o n se q u e n tly , th is  s ite  is th e  fo cu s o f  m u c h  
o f  th e  a n a ly s is  o f  so rte d  p a tte rn e d  g ro u n d  p re se n te d  la te r  in  th is  th e s is .
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H.RISE: P5P_010514_2435100 m HiRlSE: £SP_017580_2460
90 m HiWSE: ESP 017580 2460 SO m HifllSE* ESP_017685_2490
F igure  5.7: E x a m p le s  o f  th e  d if fe re n t  g rad es o f  p a tte rn e d  g ro u n d , a) g rad e  ze ro , n o  
p a tte rn ,  b ) g rad e  o n e , c) g rad e  2, d ) g rad e  3, e ) g rad e  fo u r, f)  g rad e  fiv e , p e rfe c tly  c lear 
p a tte rn . A n  e n la rg e d  v e rs io n  o f  th is  f ig u re  is p ro v id e d  in  a p p e n d ix  2
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F ig u re  5.8: d is tr ib u tio n  o f  b o u ld e r  p a tc h e s  in  n o r th -w e s te rn  A c id a lia  P la n it ia  sh o w in g  
th e  a rea  su rro u n d in g  L o m o n o so v  C ra te r . T h e  su rro u n d in g  p la in s  a re  u n ifo rm ly  
c lass ified  as p a r t  o f  th e  V a s ti ta s  B o rea lis  in te r io r  u n i t .  A n  e n la rg e d  v e rs io n  o f  th is
f ig u re  is p ro v id e d  in  a p p e n d ix  2.
F igure  5.8 sh o w s  th e  d is t r ib u t io n  o f  b o u ld e r  p a tc h e s  across  th e  s tu d y  area. B lack  c irc les  
in d ica te  th e  p resen ce  o f  b o u ld e r  f ie lds  in  C T X  im ages . Red s ta rs  in d ica te  s ites  w h e re  
th e se  fea tu re s  hav e  b een  e x a m in e d  u s in g  H iR I S E  im ag es  a n d  c o n f i rm e d  to  e x h ib i t  
possib le  c lastic  n e tw o rk s .  B lack  t r ia n g le s  in d ica te  ru b b le  p iles a n d  p u rp le  d ia m o n d s  
poss ib le  so r ted  str ipes . P o ly g o n a l  n e tw o rk s  are th e  m o s t  c o m m o n  o f  th e se  f e a tu re
types,  w h i le  c lastic  s tr ipes  are fo u n d  m u c h  less o f ten .
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N o t  all o f  t h e  rubb le  piles w i th in  th e  area o f  H iR I S E  im ag es  ex h ib i te d  possib le  so rting , 
so a d d i t io n a l  H iR IS E  im ages  w o u ld  be needed  to  c o n f i rm  w h e th e r  o rg a n isa t io n  is 
p re se n t  in  th e  b o u ld e r  p a tc h e s  m a rk e d  f ro m  C T X  im ages. T h e  p resence  o f  a bo u ld e r  
c lu s te r  does n o t  n ecessa r i ly  in d ica te  so r ting , ju s t  th e  e n v i r o n m e n t  in  w h ic h  so r t ing  is 
o f te n  found .
5.4.1 E x a m p le s  o f  D isc o n tin u o u s  N e tw o rk s
HiRISE: E S P _ 0 1 7580_2460
Credit: NASA/JPL/ University of Arizona
F igure  5.9: P o ss ib le  so rted  n e tw o rk  o n  th e  f lo o r o f  L o m o n o so v  C ra te r . L ines o f  c la s ts  
a n d  d is c o n tin u o u s  p o ly g o n s  in  H iR IS E  im ag e  ESP_oi758o_246o.
H iR I S E  im ag e  ESP_oi758o_246o over laps  th e  n o r th e r n  w all  o f  L o m o n o so v  c ra ter .  T h e  
s o u th e rn  p a r t  o f  th e  im age  c o n ta in s  th e  area i l lu s tra ted  in  F igure  5.9; a reg io n  o f  the  
c ra te r  f loo r  w h e re  a n u m b e r  o f  sm all  bu r ied  im p a c t  c ra te rs  are su r ro u n d e d  b y  ha loes  o f  
bou lde rs .  T h i s  im ag e  c o n ta in s  21 b o u ld e r  c lusters ,  all o f  w h ic h  sh o w  som e fo rm  o f  
o rg a n is a t io n  w i th  th e  h ig h e s t  so r t in g  g rade  fo u n d  in  th e  im age  be in g  th ree .  In  several
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areas across  th is  im ag e  bou ld e rs  are  seen to  be g rouped  in to  l in e s  a n d  a rcs .  I n  a few  
cases t h e y  fo rm  reg io n s  o f  clear g ro u n d  s u r ro u n d e d  by  d is c o n t in u o u s  l in e s  a n d  c lu s te rs  
o f  m e t re  scale bou lders .
HiRISE P S P _ 0 10644 2455
Credit: NASA/JPL/ University of Arizona
F ig u re  5.10: M o re  e x a m p le s  o f  c la s tic  n e tw o rk s  in  th e  sam e  lo c a tio n  as F ig u re  5.9 
D is c o n tin u o u s  p o ly g o n s  su rro u n d  c lea r  a reas  w i th in  th e  ru b b le  fie ld .
S im i la r  s t ru c tu re s  can  be fo u n d  in  H iR I S E  im ag e  P S P _o io 6 4 4 _2455 , c o v e r in g  th e  c ra te r  
in te r io r  ju s t  to  th e  w es t  o f  th e  site  de ta i led  in  F igu re  5.9. A g a in ,  c lear  a reas  o f  g ro u n d  
are enc losed  by  sem i-p o ly g o n s  o f  la rge r  c lastic  m a te r ia l .  V e r y  few  areas  are  c o m p le te ly  
enclosed , b u t  all 14 b o u ld e r  p a tc h e s  in  th is  area seem  to  e x h ib i t  so m e  f o r m  o f  
o rg a n is a t io n  (g rade  4 in  so m e  areas) .
A  few  m o re  d is c o n t in u o u s  n e ts  can  be  fo u n d  in  im age  PSP_007440_2455 n e a r  th e  c en tre
o f  L o m o n o so v  C ra te r .  A s  w i th  th e  o th e r  sites, severa l  fie lds  o f  b o u ld e rs  c a n  be seen.
H e re  larger, - 4  m  d ia m e te r ,  bou ld e rs  a p p ea r  to  be a r ra n g e d  in to  a p o ly g o n a l  p a t t e r n  b u t
th e  c lear  areas  are m u c h  sm a lle r  r e la t iv e  to  th e  size o f  th e  clasts, m a k in g  it h a r d e r  to  be
c e r ta in  th a t  th is  i s n ’t a r a n d o m  a r r a n g e m e n t  w h ic h  ju s t  ap p ea rs  o rg a n ise d  in  p laces.
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<r>a *  HiRISE PSP _010644_2455 A — A
Credit: NASA/JPL/University of Arizona V
F ig u re  5.11: P o ssib le  a n d  u n c e r ta in  p o ly g o n s  in  PSP_007440_2455 n e a r  th e  c e n tre  o f
L o m o n o so v  C ra te r .
P oss ib le  so r t in g  is n o t  c o n f in e d  to  th e  in te r io r  o f  L o m o n o so v  c ra ter ,  s im ila r  bou ld e r  
ha lo s  a n d  rubb le  fields occu r  across  th e  reg ion . Severa l  im ages  to  th e  so u th  o f  
L o m o n o s o v  c ra te r  e x h ib i t  possib le  p o lygons .  Im ag e  ESP_025294_24i5 (F igu re  5.12) 
e x h ib i ts  som e  o f  th e  c learest  d i s c o n t in u o u s  n e ts  in  th e  area. H e re ,  t h in  l ines  o f  m e tre -  
scale b o u ld e rs  enclose  op en  areas an d  in  som e  cases are acc o m p a n ied  by  a s l igh t  ch ange  
in  a lb ed o  b e low  th e  clastic  lines. W h e t h e r  th is  is due  to  ch anges  in  th e  u n d e r ly in g  
m a te r ia l  o r  is th e  resu lt  o f  th e  b o u ld e rs  sh a d o w in g  th e  g ro u n d  a ro u n d  th e m  is 
u n c e r ta in .  A ll  t e n  b o u ld e r  p a tch es  w i th in  th is  im age  ex h ib i t  possib le  so r t in g  a n d  th e  
h ig h e s t  g rade  fo u n d  in  th is  im ag e  is g rade  four.
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HiRISE: E S P _ 0 2 5 2 9 4 _ 2 4 15
Credit: NASA/JPL/ University of Arizona V
F ig u re  5.12: N e t  o f  d is c o n tin u o u s  p o ly g o n s  in  H iR IS E  im ag e  ESP_025294_24i5, c o v e rin g  
f la t g ro u n d  to  th e  so u th  o f  L o m o n o so v  C ra te r .
5.4.2 E x am p les  o f  C la s tic  S tr ip e s
T w o  sites e x h ib i t in g  possib le  c lastic  s tr ipes  h a v e  b een  fo u n d  w i t h i n  th is  area. O n e ,  o n  
th e  e a s te rn  w a ll  o f  L o m o n o so v  C r a te r  (F ig u re  5.13), is q u i te  u n c e r ta in  d u e  to  low  
b o u ld e r  d e n s i ty .  T h e  o ther ,  o n  th e  s o u th  w e s te rn  w a lls  o f  a m e d iu m -s iz e d  im p a c t  c ra te r  
to  th e  n o r t h  east o f  L o m o n o so v ,  is fa r  m o re  c o n v in c in g  (F ig u re  5.14-5.16).
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HiRISE ESP_026441_2460 
Credit: NASA/JPL/ University of Arizona
F ig u re  5.13: P o ssib le  d isc o n tin u o u s  s tr ip e s  in  ESP_02644i_246o o n  th e  ea s t w a ll o f
L o m o n o so v  C ra te r .
Im a g e  ESP_02644i_246o e x h ib i ts  severa l s ites o n  th e  f loor  o f  L o m o n o so v  C ra te r  w h e re  
p o ly g o n s  m a y  occu r  w i th in  th e  b o u ld e r  pa tches ,  b u t  th e  clast d e n s i ty  is lo w er  in  th is  
reg io n ,  so th e se  sites are n o t  as c o n v in c in g  as th o se  to  th e  w est .  T h e  m o s t  in te re s t in g  
fe a tu re  in  th is  im age  is an  area o n  th e  c ra te r  r im  w h e re  th e re  appears  to  be a fa in t  l in ea r  
p a t t e r n  to  th e  a r r a n g e m e n t  o f  th e  m e tre -sca le  bou lders .  T h e  a r r a n g e m e n t  o f  sm a lle r  
c las ts  (b e lo w  th e  re so lu t io n  o f  th e  im ag e )  c a n n o t  be d e te rm in e d ,  so it is n o t  possib le  to  
be c e r ta in  w h e th e r  th e se  are so r ted  s tr ipes  o r  no t .
Im a g e  ESP_oiy685_2490 covers  a m e d iu m -s iz e d  im p a c t  c ra te r  w h e re  c lear  c lastic  s tr ipes  
c a n  be  seen  across  a w id e  s w a th  o f  th e  c ra te r  wall.  R u n n in g  f ro m  th e  r im  o f  th e  c ra te r  
d o w n  in to  th e  in te r io r ,  th e se  fea tu re s  ove r lay  a n e t  o f  f r a c tu re  p o ly g o n s  a n d  are  also 
loca ted  w i th in  a series o f  l ig h t  an d  d a rk  bands: th e  g ro u n d  b e n e a th  th e  clas ts  seem s to  
be d a rk e r ,  w h i le  l ig h te r  g ro u n d  is fo u n d  b e tw e e n  th e  str ipes . T h i s  could  in d ica te  the
182
presence  o f  sm a lle r  s tones  (be lo w  th e  re so lu t io n  o f  th e  im ag e )  in  the  c lastic  zones ,  
le n d in g  f u r th e r  ev id en ce  to  th e se  be ing  so r ted  s tripes.
i , 0 0 0  m
HiRISE ESP_017685_2490
Credit NASA/JPL/ University of Arizona
F ig u re  5.14: S m a ll c ra te r  in  ESP_oi7685_z490 to  th e  N o r th  E as t o f  L o m o n o so v  C ra te r .
T h e  so u th e rn  w a ll e x h ib its  a l te rn a tin g  b a n d s  o f  d a rk  an d  b r ig h t  m a te r ia l.
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HiRISE: E S P  0 1 7685 2490
Credit: NASA/JPL/ University of Arizona
F ig u re  5.15: D e ta ile d  v iew  o f  s tr ip e s  on. h ills id e
* ► . • > . ,
a*
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HiRISE E SP _017685_2490
Credit NASA/JPL/ University of Arizona
F ig u re  5.16: A  c lo se r lo o k  a t  th e se  fe a tu re s  rev ea ls  d is t in c t  c la s tic  s tr ip e s  o v e r b a n d s  o f
a l te rn a tin g  lig h t  a n d  d a rk  te r ra in .
5-5 A ssessm ent o f Sorting
It w as  fo u n d  th a t  m a n y  sites e x h ib i te d  m in o r  o rg a n isa t io n  in  th e  ran g e  o f  g rades  2-3. 
D is c o n t in u o u s  n e ts  o f  g rade  fo u r  an d  above  h o w e v e r  w ere  q u i te  u n c o m m o n .  T h e  
resu l ts  o f  th is  c la ss if ica t io n  are s h o w n  in  T a b le  5.3 and  th e  loca t io n s  o f  th e  d if fe re n t  
s ites  are s h o w n  in  F igure  5.17.
T a b le  5.3: S u m m a ry  o f  s ite s  a n d  im ag es  fe a tu r in g  p a tte rn s  o f  each  so r tin g  g rad e .
G ra d e D e sc r ip t io n Sites
°/o o f  
S ites Im ag es
0/0 o f  
Im ag es
0
N o  ev id en ce  o f  
o rg a n isa t io n 2 6 1 7 .6 9 6 13 .95 U n l ik e ly  to  be S o r ted
1 U n c e r t a in  c lu s te r in g 32 2 1 .7 7 7 1 6 .2 8 9 6  S ites
2 C lu s te r in g  o f  c lasts 38 2 5 .8 5 13 3 0 .2 3 650/0
3 C le a r  l ines  a n d  arcs 35 2 3 .8 1 12 2 7 .9 1 L ike ly  to  be S o r ted
4 D is c o n t in u o u s  n e t 15 1 0 .2 0 4 9 .3 0 51 Sites
5 C o n t in u o u s  n e t 1 0 .6 8 1 2 .33 350/0
T h e  o n ly  site w i th  g rade  f ive so r t in g  occurs  in  im age  ESP_oi7i3i_2485 w h e re  n u m e r o u s  
clastic  s tr ipes  are seen  (F ig u re  5.14-5.16). 15 b o u ld e r  p a tch es  c o n ta in  fe a tu re s  c lass if ied  
as d i s c o n t in u o u s  n e ts  (g rade  fo u r  so r t in g .)  S evera l  o f  th e se  are  loca ted  in  th e  tw o  
H iR I S E  im ages  co v e r in g  th e  w e s t  o f  th e  L o m o n o so v  C ra te r  f lo o r  ESP_oi758o_246o an d  
P S P _ o io 6 4 4 _ 2 4 5 5 .  G ra d e  4 so r t ing  a lso  occurs  in  ESP_025294_24i5, lo ca ted  to  th e  s o u th  
o f  L o m o n o so v  C ra te r ,  a n d  in  PSP_oioo5i_2435, to  th e  fa r  w es t  o f  L o m o n o so v .
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F ig u re  5.17: R esu lts  o f  th e  b o u ld e r  p a tc h  c la ss if ic a tio n
T h e s e  f ive  im ages  are co n s id e red  to  be m o s t  l ike ly  to  c o n ta in  ev id en ce  o f  o rgan ised ,
c lastic , p a t te rn e d  g round .  It  is in te re s t in g  to  n o te  th a t  these  lo ca t io n s  are n o t  re s tr ic ted  
to  th e  c ra te r  in te r io r ,  and  are in  fact sca t te red  q u i te  w id e ly  across  th e  s tu d y  area. T h e y  
o c c u r  w i th in  a v a r ie ty  o f  d i f fe re n t  te r ra in s  ra n g in g  f ro m  th e  flat g ro u n d  o f  th e  n o r th e r n  
p la in s  to  th e  s teepe r  slopes o f  c ra te r  w alls .  T h e  p resence  o f  th e  sam e  l a n d fo rm s  in  
w id e ly  spaced  im ages  w o u ld  seem  to  suggest th a t  w h a te v e r  p rocess  is re sp o n s ib le  for  
t h e i r  f o r m a t io n  is o c c u r r in g  across  th e  area, r a th e r  t h a n  be ing  l im ite d  to  one  or  m o re  
u n u s u a l  m ic r o -e n v i ro n m e n ts .
T h i r ty - f iv e  sites  (23.80/0 o f  to ta l)  e x h ib i t  clear l ines  o f  c lasts  (g rade  3) a n d  so m a y  be 
ev id e n c e  o f  a p a r t ia l ly  d ev e loped  clastic  n e tw o rk .  H o w e v e r  26 sites (17.690/0 o f  to ta l)  
sh o w  n o  ev id en ce  o f  o rg a n isa t io n  a n d  32 sites (21.77%) h av e  u n c e r ta in  c lu s te r in g  b u t  no  
c lear  p a t te rn ,  g iv ing  a to ta l  o f  58 s ites (39.46%) w h e re  so r t ing  is u n l ik e ly  to  be p resen t .
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5-5-1 A v e ra g e  N e a re s t  N e ig h b o u r  a n a ly s is
Assessing by eye w hether a pattern  is present w ith in  an arrangem ent o f clasts is 
inescapably subjective. In  C hapter Four it is shown that w hen the clasts w ith in  an area 
of terrestrial patterned ground are digitised and an average nearest neighbour analysis 
conducted a significantly non random  pattern  is detected. T his approach can be applied 
to these features to test w hether the observed pattern  was significantly distinct from  a 
random  distribution, and so w hether a feature should be considered as a m artian  
analogue for the terrestrial features described in C hapter Four.
5.5.1.1 Approach
T he patterns of boulders at tw enty-five sites were digitised by placing a poin t in  an 
A rcG IS shape file over the centre of each of the boulders. A  variety  o f sites th a t had 
been classified w ith  different grades of sorting were exam ined, as well as transitional 
sites w hich were less easy to classify. Some locations where no pattern  was believed to 
be present and the boulders appeared random ly distributed were also tested. Several 
representative sites for each category of the classification system  were selected so th a t 
this analysis would be applied to all varieties of patterned ground described in  the 
previous section.
M ost o f the locations tha t exhibit a high likelihood of sorting are characterised by a 
polygonal, albeit discontinuous, netw ork. H ow ever, a few locations were found w ith  
different types o f patterned ground: tw o sites contain possible sorted stripes, and 
several patches o f rubble piles were also studied. These features were all subjected to 
the nearest neighbour analysis.
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5- f.i.2 Results
I t  w as fo u n d  th a t  m o s t o f  th e  s ite s  w h ic h  ap p eared  h ig h ly  so rted , e x h ib itin g  a 
d is c o n tin u o u s  n e t  a n d  sco rin g  fo u r  o n  th e  c la ss if ic a tio n , y ie ld ed  re su lts  su g g es tin g  th a t  
th e y  w ere  s tro n g ly  d isp e rsed . T h is  m a k e s  sen se  as th e  p o ly g o n a l p a tte rn s  are  an  
e x p re ss io n  o f  c la sts  b e in g  sp read  o u t, su rro u n d in g  o p en  spaces. A ll o f  th e  g rad e  fo u r  
s ite s  r e tu rn e d  a d isp e rsed  re su lt  as d id  th e  g rad e  3 site  c la ss ified  as b e in g  tra n s i t io n a l  
w i th  g rad e  fo u r.
O ne other grade 3 site returned a dispersed result as did several of the  higher end grade 
tw o sites (although this could be due to the low boulder density at some of these sites 
rather than  the presence of a stronger sorting pattern). M ost of the other grade three 
sites indicated clustering of boulders. O nly  one low grade 3 site returned a random ly 
distributed result.
T h e  lo w  g rad e  2 sites, w h e re  v e ry  l i t t le  o rg a n isa tio n  w as o b se rv ed  in  th e  v isu a l su rv ey , 
g e n e ra lly  r e tu rn e d  a ra n d o m  c la ss if ic a tio n . B o th  s ite s  w h ic h  w ere  se lec ted  fo r  th e ir  
a p p a re n t ru b b le  p iles  r e tu rn e d  a “ra n d o m ” re su lt. T h is  is p ro b a b ly  becau se  m a n y  sm all 
c la s ts  su rro u n d  th e  d e n se r  c o n c e n tra tio n s  o f  c la s ts  a n d  th e se  ra n d o m ly  d is tr ib u te d  
c la s ts  a re  id e n tif ie d  as th e  av e rag e  s tru c tu re  across th e se  areas r a th e r  th a n  th e  sm a ll 
c lu s te rs . I f  d if f e re n t  s izes o f  b o u ld e r  co u ld  b e  g iv en  a d if fe re n t w e ig h tin g , th e n  th e se  
s ite s  m ig h t  r e tu rn  a d if fe re n t re su lt.
Both sites w ith  stripes returned  clustered results due to  the arrangem ent of clasts 
w ith in  the stripes. T his was the expected result for these features. M ost of the sites 
w hich were selected for their lack of an apparent pattern  (grades zero and one) returned 
a result of clustered w ith  a few detected as being random .
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T a b le  5.4: R esu lts  o f  N earest N eighbour A na lysis  o f  so rted  p a tte rn e d  g ro u n d  in  a n d  
a ro u n d  L o m o n o so v  C ra te r  (n o te  th a t  s ite s  are  o rg a n ise d  b y  so r tin g  g rade , r a th e r  th a n  
b y  S ite  ID . T h is  is becau se  th e  S ite  ID  is a n  a r te fa c t o f  th e  o rd e r  in  w h ic h  th e y  w ere  
e x a m in e d  an d  is th u s  la rg e ly  a rb itra ry ) .
Site
Mean
Distance
Observed Expected R-Value z-score p-value Result Sorting Grade Type
Site 4 0.000072 0.000072 1.00 0.14 0.89 Random 0 N o Pattern
Site 6 0.000077 0.000082 0.94 -2.89 0.00 Clustered 0 No Pattern
Site 24 0.000107 0.000114 0.95 '3-39 0.00 Clustered 0 N o Pattern
Site 5 0.000092 0.000097 0.95 '3-39 0.00 Clustered 1 Net
Site 25 0.000083 0.00008 1.04 2.57 O.OI Dispersed 1 Net
Site 7 0.000064 0.000066 0.98 -1.12 0.26 Random 1-2 transitional Net
Site 18 0.000067 0.000065 1.03 i-57 0.12 Random Low 2 Net
Site 17 0.000065 0.000065 1.01 0.66 0.51 Random 2 Rubble Piles
Site 22 0.000068 0.000067 1.02 1.49 0.14 Random 2 Rubble Piles
Site 23 0.00007 0.000067 1.04 2.97 0.00 Dispersed 2 Net
Site 13 0.000118 O.OOOIII 1.07 7.16 0.00 Dispersed High 2 Net
Site 10 0.000079 0.000068 1.16 8.57 0.00 Dispersed 2-3 transitional Net
Site 9 0.000098 0.000096 1.02 1.31 0.19 Random Low 3 Net
Site 14 0.000121 0.000305 0.40 '47-43 0.00 Clustered Low 3 Net
Site 15 0.00015 0.000205 0.73 -24-73 0.00 Clustered 3 Stripes
Site 16 0.006309 0.053979 0.12 -84.32 0.00 Clustered 3 Net
Site 12 0.000089 0.00009 0.99 -1.67 O.IO Clustered High 3 Net
Site 20 0.000054 0.000049 1.11 7-72 0.00 Dispersed High 3 N et
Site 8 0.00007 0.000059 1.19 13.62 0.00 Dispersed 3-4 transitional Net
Site 1 0.000081 0.000069 1.17 10.67 0.00 Dispersed 4 Net
Site 2 0.000086 0.000076 1.14 11.50 0.00 Dispersed 4 Net
Site 3 0.000067 0.000062 1.08 6.53 0.00 Dispersed 4 N et
Site 19 0.000064 0.000061 1.05 4.22 0.00 Dispersed 4 Net
Site 21 0.000068 0.000066 1.03 1.93 0.05 Dispersed 4 Net
Site 11 0.000036 0.000054 0.66 -24-56 0.00 Clustered 5 Stripes
T h e r e  does n o t  a p p ea r  to  be a p a r t ic u la r  p a t t e r n  in  th e  spa tia l  d i s t r ib u t io n  o f  c lu s te red ,  
d ispe rsed  o r  r a n d o m  p a t te rn s .  A ll  ty p e s  are fo u n d  b o th  w i th in  th e  c ra te r  a n d  w i t h o u t  it. 
M o s t  im ages  h av e  e x a m p le s  o f  each  o f  th e  th re e  types .
T here is a clear difference betw een high-graded sites w ith  a consistently dispersed 
pattern  and low-graded sites w ith  a random  or clustered result. These results would 
seem to suggest that the “background” arrangem ent of clasts is generally either random  
or clustered depending on the site. Sites w ith  higher sorting grades do display 
arrangem ents o f clasts w hich are significantly different to  those expected from  
random ly emplaced clasts. T h is suggests that an underlying geomorphological process 
is likely to be responsible for the apparent structure in their em placem ent, rather than  it 
being the result of chance. T he fact tha t sim ilar patterns occur across the region, and 
re tu rn  sim ilar results in th is test, reinforces th is conclusion.
5.6 Summary
A  v isu a l e x a m in a tio n  o f  th e  b o u ld e r  p a tc h e s  a ro u n d  L o m o n o so v  c ra te r  p ro v id e d  a large 
su ite  o f  p o ss ib ly  p e rig lac ia l la n d fo rm s . O f  th e  147 p a tc h e s  e x a m in e d  all b u t  26 sh o w ed  
so m e d eg ree  o f  c lu s te r in g  a n d  51 s ite s  w e re  fo u n d  w h e re  so rtin g  w as  b e liev ed  to  be 
lik e ly . T h e s e  s ites h a d  c lear lin e s  a n d  a rcs  o f  c lasts , a n d  in  15 cases, d isc o n tin u o u s  
p o ly g o n s .
Testing w hether these apparent patterns were actually significantly different from  a 
random  distribution confirm ed tha t these features were genuine non-random  
arrangem ents. It was found tha t the m ajority of the sites w hich were believed to 
exhibit a sorted net as a result of visual inspection and qualitative classification were 
no t random  distributions.
F o u rte e n  o f  th e  25 an a ly se d  s ite s  w ere  ra n k e d  above  a g rad e  3 u p o n  v isu a l in sp e c tio n . O f
these only one returned a “random ” result, five were found to be predom inantly
clustered, w hile the rest were found to be significantly dispersed. This is the result that
w ould be expected based on the classification of Icelandic patterned ground in C hapter
Four where all but one of the  ten  sites digitised from  aerial photographs were found to
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be dispersed. T he prediction that wide clastic stripes would re tu rn  a clustered result, 
due to the proxim ity  of m aterial in the coarse dom ains being m ost prevalent, also held 
true. Both examples of stripes were found to be significantly clustered relative to a 
random  distribution.
T he Icelandic air photographs are the  m ost comparable images to m artian  H iRISE 
data. It was expected that if the m artian  results of the nearest neighbour analysis were 
sim ilar to any terrestrial features it would be to the ones digitised from  air photographs. 
T h is was found to be the case, confirm ing that the two suites o f features are 
comparable at this range of resolutions.
Since it seems likely tha t the arrangem ent o f clasts at these sites is non-random  it m ust 
reflect an underlying geomorphological process. T he sim ilarities to Icelandic features 
illustrates tha t the m ovem ent of large clasts to the  periphery o f a sorted polygon by 
periglacial processes is a viable candidate to explain th is boulder d istribu tion . H ow ever 
th is test is not sufficient to confirm  that these structures form ed th rough  periglacial 
processes, fu rther evidence m ust be assessed before a periglacial hypothesis can be 
accepted.
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6  Chapter Six: Surveying the Martian Northern Plains
In  th e  p re c e d in g  c h a p te rs  th e  su ite  o f  la n d fo rm s  th a t  c o m p rise  a p e rig lac ia l 
e n v iro n m e n t  h av e  b e e n  d esc rib ed  an d  th e  ev id en ce  th a t  som e o f  th e se  fe a tu re s  cou ld  
o c c u r u n d e r  m a r t ia n  c o n d itio n s  h a s  b e e n  d iscu ssed . A  v a r ie ty  o f  p r io r  s tu d ie s  h av e  
id e n tif ie d  p u ta tiv e  p e rig lac ia l fe a tu re s  o n  th e  N o r th e rn  P la in s  o f  M ars . C o n se q u e n tly , a 
m a jo r  a im  o f  th is  in v e s tig a tio n  is to  d e te rm in e  h o w  w id e sp re a d  su ch  fe a tu re s  a re  an d  to  
a ssess  th e  lik e lih o o d  th a t  th e y  co u ld  h a v e  fo rm e d  th ro u g h  p e rig lac ia l p ro cesses . T o  th is  
en d  a se ries  o f  la rge  scale su rv e y s  w e re  co n d u c te d  to  id e n tify  fe a tu re s  w ith  s im ila r  
m o rp h o lo g ie s  to  th o se  d esc rib ed  in  th e  s tu d ie s  d iscu ssed  in  th e  fo llo w in g  sec tio n . T h is  
c h a p te r  w ill o u tlin e  th e  su rv e y in g  p ro c e d u re  an d  d e fin e  th e  s tu d y  a reas  su rv ey ed . 
C h a p te r  S e v e n  w ill th e n  d iscu ss  th e  re su lts  o f  th is  in v e s tig a tio n , in c lu d in g  th e  
d is t r ib u t io n  o f  p o te n tia lly  p e rig lac ia l fe a tu re s  a t a re g io n a l scale in  la rg e  areas o f  
A c id a lia , A rc a d ia  a n d  U to p ia  P la n itia e .
6.1 Background
V a r io u s  s tu d ie s  h av e  e x a m in e d  th e  d is tr ib u tio n  o f  p e rig lac ia l fe a tu re s  o n  M a rs  in  th e  
p a s t. T h e  fo llo w in g  se c tio n  su m m a rise s  th e  f in d in g s  o f  th e  k e y  s tu d ie s  th a t  in fo rm e d  
th e  p re s e n t  w o rk , an d  th e  re su lts  p re se n te d  in  c h a p te r  sev en  an d  an a ly se d  in  c h a p te r  
e ig h t. T h e  d isc u ss io n  in  c h a p te rs  n in e  an d  te n  d ra w s  o n  tw o  o f  th e se  s tu d ie s  in  
p a r tic u la r , th o se  o f  O r lo f f  e t al., (2013) a n d  S e jo u rn e  e t al., (2011) re sp ec tiv e ly . T h e se  are 
d isc u sse d  in  m o re  d e ta il in  th e  in tro d u c to ry  sec tio n s  o f  th o se  c h ap te rs .
T h e  s tu d y  f ro m  w h ic h  th is  in v e s t ig a tio n  fo llo w s m o s t d ire c tly  is th a t  o f  G a lla g h e r  et 
al., (2011). T h e y  used  a s im ila r  m e th o d o lo g y , su rv e y in g  H iR IS E  im ag es  to  lo ca te  s ites 
w i th  p o ss ib le  p e rig lac ia l fe a tu re s . G a lla g h e r  e t al., p re se n t v a r io u s  e x am p le s  o f  so rted
s tr ip e s  an d  c las tic  lo b a te  s tru c tu re s  ac ro ss  th e  m a r t ia n  h ig h  la ti tu d e s , in  p a r tic u la r  
c la s tic  lobes in  H e im d a l C ra te r . T h is  s tu d y  p ro p o ses  a p e rig lac ia l e x p la n a tio n  fo r  th e se  
fe a tu re s . I t  is n o te d  th a t  g u llie s  p re  an d  p o s t d a te  th e  p u ta tiv e  so rte d  s tru c tu re s  a n d  th u s  
th a t  it  is lik e ly  th a t  th e  tw o  la n d fo rm  ty p e s  fo rm  a n  assem b lag e  in d ic a tiv e  o f  g ro u n d  
ice th a w . T h e  d e te c tio n  o f  p e rc h lo ra te s  a t th e  p h o e n ix  la n d in g  s ite  (H e c h t  e t al., 2009), 
in  c lose p ro x im ity  to  H e im d a l C ra te r  is p o s tu la te d  to  a c c o u n t fo r  h ig h  la ti tu d e  th a w .
T h e  w o rk  o f  G a lla g h e r  e t al., (2011) h e lp ed  to  d e fin e  th e  a im s  o f  th e  p re s e n t s tu d y . 
T h e i r  in v e s tig a tio n  fo cu ses  so le ly  o n  th e  h ig h  la titu d e s , w i th  fe a tu re s  fo u n d  b e tw e e n  
59-78 °N . O th e r  re se a rc h  b y  th e  sam e  g ro u p  in d ic a te s  th a t  th e y  co u ld  w e ll o c c u r 
e lse w h e re  o n  th e  N o r th e rn  P la in s  (e.g . B alm e e t al., 2009; B a lm e  a n d  G a lla g h e r  2009; 
G a lla g h e r  an d  B alm e 2011). I t  w as  d ec id ed  th a t  th is  in v e s tig a tio n  sh o u ld  c o v e r a w id e r  
a rea , a n d  e x a m in e  a b ro a d e r  su ite  o f  la n d fo rm s , to  p ro v id e  a la rg e r, an d  h o p e fu lly  m o re  
c o m p re h e n s iv e , c a ta lo g u e  o f  p u ta tiv e  p e rig lac ia l s ites . T h e  e x a m p le s  g iv e n  b y  th e se  
s tu d ie s  fo rm e d  th e  f ir s t  su ite  o f  ty p e  e x a m p le s  fo r  th e  id e n tif ic a tio n  o f  o th e r  so r te d  
fea tu re s .
A  v a r ie ty  o f  o th e r  s tu d ie s  h a v e  a lso  in d e n tif ie d  a reas  o f  b o u ld e r  o rg a n iz a tio n  o n  th e  
m a r t ia n  n o r th e rn  p la in s  as d e sc rib ed  in  c h a p te r  tw o . O f  p a r t ic u la r  in te re s t  a re  th e  
s tu d ie s  o f  O r lo f f  e t al., ( O r lo f f  e t al., 2011, 2013; O rlo ff , 2012). T h e s e  in v e s t ig a tio n s  
c a ta lo g u e  a v a r ie ty  o f  s ite s  w h e re  b o u ld e rs  a p p e a r to  be c lu s te re d . R a th e r  th a n  
p ro p o s in g  a p e rig lac ia l e x p la n a tio n  fo r  th e se  fe a tu re s  O r lo f f  e t a l., p ro p o se  a n o v e l 
m e c h a n ism  o f  b o u ld e r  ra tc h e tin g , w h e re b y  a d ry  so r tin g  p ro cess  re la te d  to  th e  o p e n in g  
an d  c lo sin g  o f  u n d e r ly in g  c o n tra c tio n  c rack  p o ly g o n s  re su lts  in  th e  m o v e m e n t  o f  
b o u ld e rs . T h is  m e c h a n ism , a n d  o th e r  h y p o th e se s  w h ic h  cou ld  e x p la in  th e  c lu s te r in g  o f  
m a r t ia n  b o u ld e rs  w ith o u t  th e  n eed  fo r  th a w , a re  p re se n te d  in  d e ta il in  s e c tio n  9.2. 
S im ila r  s tu d ie s  in c lu d e  th o se  o f  L evy  e t al., (2008a), L evy  e t a l., (2010) a n d  M e llo n  e t
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al., (2008) w h ic h  p ro p o se  a g ra v ita tio n a l so r tin g  m e c h a n ism . A ll o f  th e se  s tu d ies  
p ro v id e  u se fu l e x am p le s  o f  b o u ld e r c lu s te r in g  w h ic h  h av e  b een  c o m p a re d  an d  
c o n tra s te d  w i th  th e  fe a tu re s  fo u n d  d u rin g  th e  p re se n t in v e s tig a tio n .
T h e se  a l te rn a te  h y p o th e se s  re q u ire  th e  p re sen ce  o f  f ra c tu re  p o ly g o n s , w h ic h  are 
h y p o th e s is e d  to  re su lt f ro m  th e rm a l c o n tra c tio n  c rack in g  o f  icy  m a te ria l, i f  th e se  
fo rm a tio n  h y p o th e se s  w e re  to  be te s te d  th e n  a n  e x a m in a tio n  o f  b o th  th e  d is tr ib u tio n  o f  
f ra c tu re  n e tw o rk s , an d  th e ir  re la tio n sh ip  to  o v e rly in g  p o ly g o n a l p a tte rn s  w as 
n e c c e rsa ry . F ra c tu re  p o ly g o n s  a re  w e ll d o c u m e n te d  in  th e  m a r t ia n  h ig h  la titu d e s , an d  
th e ir  d is t r ib u tio n  h as  b e e n  m a p p e d  b y  a v a r ie ty  o f  in v e s tig a tio n s  in  p a r t ic u la r  th a t  o f  
M a n g o ld  (2005). M an g o ld  ca ta lo g u ed  fra c tu re  p o ly g o n s  as fa r  so u th  as 50 °N  w h ile  
o th e r  s tu d ie s  b y  S oare  e t al., (2012) an d  lev y  e t al., (L ev y  e t al., 2009; L evy e t al., 2010) 
a lso  p ro v id e d  a u se fu l c o n s tra in t  o n  th e  lo c a tio n s  w h e re  th e se  fe a tu re s  w ere  ex p ec ted  to  
occu r. A g a in  th e  p u rp o se  o f  th e  p re se n t s tu d y  w as to  b u ild  u p o n  th is  w o rk , an d  in  
p a r t ic u a lr  to  id e n tify  e x a m p le s  o f  th e se  fe a tu re s  f u r th e r  so u th  th a n  th e  b o u n d a rie s  o f  
so m e  o f  th e  p re v io u s  s tu d ie s . T y p e  e x a m p le s  w e re  d ra w n  fro m  th e se  s tu d ie s  an d  th e  
ra n g e  o f  la tt iu d e  acro ss  w h ic h  fe a tu re s  occu red  w as  c o m p a re d  a n d  c o n tra s te d . S ites  
w i th  f ra c tu re  p o ly g o n s  in  c lose p ro x im ity  to  so rte d  p o ly g o n s  w e re  id e n tif ie d  an d  th e se  
fo rm e d  th e  b asis  o f  th e  a n a ly s is  o f  f ra c tu re  c o n tro l in  c h a p te r  n in e .
T h e  o b se rv a tio n s  o f  c la s tic  lo b a te  s tru c tu re s  b y  G a lla g h e r  e t al., a re  back ed  u p  b y  v e ry  
c o m p re h e n s iv e  su rv e y s  o f  lo b a te  fe a tu re s , b o th  c la s tic  an d  n o n  c la s tic  b y  J o h n s s o n  e t 
al., T h e y  ca ta lo g u ed  th e se  fe a tu re s  in  b o th  th e  n o r th e rn  (Jo h n sso n  e t al., 2012) an d  
s o u th e rn  (Jo h n sso n , 2013) h e m isp h e re s . J o h n s s o n  e t a l., co m p ared  an d  c o n tra s te d  th e  
fe a tu re s  o b se rv e d  in  c ra te r  in te r io rs  o n  M a rs  w i th  te r re s tr ia l  an a lo g u es  in  S v a lb a rd  an d  
c o n c lu d e d  th a t  th e  m a r t ia n  fe a tu re s  h a d  lik e ly  fo rm e d  th ro u g h  th a w  re la te d  p ro cesses  
in  th e  geo lo g ica lly  re c e n t p a s t. T h e  ex am p les  p ro v id e d  in  th e ir  n o r th e rn  h e m isp h e re
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s tu d y  p ro v id e d  a good  s ta r t in g  p o in t  fo r  th e  e x a m in a tio n  o f  lo b a te  s tru c tu re s  in  th e  
p re s e n t s tu d y  a n d  ty p e  e x a m p le s  w e re  d ra w n  fro m  th is  p ap e r. T h e  focus o f  J o h n s s o n  e t 
a l.’s su rv e y s  w as  ag a in  lim ite d  to  h ig h  n o r th e rn  la titu d e s , w i th  fe a tu re s  fo u n d  b e tw e e n  
60 a n d  80 °N .
In  th e  case o f  gu llies  a v e ry  c o m p re h e n s iv e  ca ta lo g u e  o f  fe a tu re s  e x is ts  fo r  b o th  m a r t ia n  
h e m isp h e re s  fo r  e x a m p le  B alm e e t al., (2006); L evy e t al., (2009); K n e iss l e t al., (2010) 
an d  o th e rs , w ith  g lobal g u lly  d is tr ib u tio n  b e in g  e ffe c tiv e ly  s u m m a ris e d  b y  (H a r r is o n  e t 
al., 2014). C o n s e q u e n tly  th e  fo cu s o f  th is  in v e s tig a tio n  w as  n o t  o n  e x p a n d in g  th e  
b o u n d a rie s  o f  th e  e x is tin g  o b se rv a tio n s  as in  th e  cases fo r so r te d  a n d  lo b a te  fe a tu re s , 
b u t  r a th e r  in  e x a m in in g  sp ec ific  cases w h e re  gu llies  a n d  o th e r  p u ta tiv e  p e rig lac ia l 
fe a tu re s  o ccu rred  in  p ro x im ity . P r io r  s tu d ie s  h a d  in d e n tif ie d  g u llie s  as p a r t  o f  p o ss ib le  
p e rig lac ia l assem b lag es, G a lla g h e r  e t al., (2011) re p o r t  g u llie s  w i th  a sso c ia ted  c la s tic  
fe a tu re s , w h ile  J o h n s s o n  e t al., (2012); an d  J o h n s s o n , (2013) fo u n d  lo b a te  s tru c tu re s  n e a r  
an d  w i th in  g u lly  a lcoves.
T h e  la s t la n d fo rm  o f  in te re s t  to  th is  in v e s tig a tio n  a re  sca llo p ed  d e p re ss io n s  w h ic h  h av e  
b een  p ro p o sed  to  re s u lt  f ro m  th e rm o k a rs t  lik e  p ro cesses  as d isc u sse d  in  d e ta il  in  c h a p te r  
tw o . A  v a r ie ty  o f  s tu d ie s  in fo rm e d  th e  a n a ly s is  o f  th e se  fe a tu re s  in c lu d in g  
(M o rg e n s te rn  e t al., 2007; S o are  e t al., 2012; U lr ic h  e t al., 2010). T h e s e  s tu d ie s  e s ta b lish e d  
th e  e x te n t  sca lloped  te r ra in s  a ro u n d  U to p ia  P la n itia  a n d  c o m p a re d  a n d  c o n tra s te d  th e m  
w ith  te r re s tr ia l  th e rm o k a rs t  lan d scap es , p ro v id in g  a s tro n g  case  th a t  th e se  d e g ra d e d  
areas  o n  th e  m a r t ia n  n o r th e r n  p la in s  are  p e rig la c ia l in  o rig in . O f  p a r t ic u la r  in te r e s t  is 
th e  a n a ly s is  o f  S e jo u rn e  e t al., (2011), w h ic h  p ro p o ses  a sc h e m e  fo r  c a te g o r iz in g  th e  
m a tu r i ty  o f  a sca llo p ed  lan d scap e  in  a s im ila r  m a n n e r  to  th a t  in  w h ic h  th e  g ro w th  o f  
te r re s tr ia l  th a w  lak es  is d e sc rib ed  b y  W a lla c e , (1948) an d  la te r  te r re s tr ia l  s tu d ie s .
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M o s t  pas t  s tu d ie s  o n  scalloped dep re ss io n s  h a v e  b een  focused  on  th e  U to p ia  P lan it ia  
re g io n  w h e re  th e se  fea tu re s  are ve ry  n u m e ro u s .  H o w e v e r  p re l im in a ry  in v es t ig a t io n  
m a d e  it c lear  th a t  th e y  w ere  n o t  l im i te d  to  th is  basin .  C o n s e q u e n t ly  it w as  decided  to  
m a p  th e  d is t r ib u t io n  o f  these  fea tu re s  e lsew h ere  on  th e  p lane t .  In  c h a p te r  te n  the  
c la ss if ica t io n  sch em e  p roposed  b y  S e jo u rn e  et al., (2011) is app lied  to  tw o  sites in 
A c id a l ia  P lan i t ia .
S ince  perig lac ia l  l a n d fo rm s  req u ire  ice to  fo rm  th is  s tu d y  also d ra w s  ex te n s iv e ly  u p o n  
pas t  s tu d ie s  th a t  h av e  e s tab lished  th e  d i s t r ib u t io n  o f  g ro u n d  ice across  th e  N o r th e r n  
P la ins .  T h i s  inc lu d es  th e  g e o m o rp h o lo g ica l  s tud ies  o f  C o s ta rd  (1989) an d  la te r  m a p p in g  
o f  n e a r  su rface  g ro u n d  ice u s in g  th e  M a rs  O d y s s e y  N e u t r o n  an d  G a m m a  Ray 
S p e c t ro m e te rs .  (B o y n to n  et al., 2010; F e ld m a n  et al., 2004, 2002). W a t e r  E q u iv a len t  
H y d r o g e n  m e a s u r e m e n ts  f ro m  th ese  in v e s t ig a t io n s  are re fe ren ced  th ro u g h o u t  ch a p te r  
e igh t .  F igure  6.1 sh o w s  th e  global m a p  o f  W E H  m e a s u r e m e n ts  f ro m  F e ld m a n ,  (2004).
2% 4% 8*/. 16% 32% > 64%
-180 -90 0 +90 +180
F ig u re  6.1: W a te r  e q u iv a le n t h y d ro g e n  in  th e  su b su rface  o f  M ars , d e riv e d  f ro m  
e p ith e rm a l n e u tro n  c o u n tin g  ra te s . F ro m  F e ld m an , (2004).
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I t  c an  be seen  th a t  th e  g re a te s t c o n c e n tra tio n s  o f  w a te r  e q u iv a le n t h y d ro g e n  a re  a t h ig h  
n o r th e r n  la titu d e s , an d  th a t  re g io n s  o f  th e  N o r th e rn  P la in s  n o r th  o f  60 d eg rees  N  h a v e  
th e  b es t ch an ce  o f  s tab le  g ro u n d  ice. H o w e v e r  th e re  is co n s id e ra b le  re g io n a l v a r ia t io n  in  
th e  ra te  a t w h ic h  W E H  d ro p s  o f f  w ith  la titu d e , a n d  so it  is p o ss ib le  th a t  icy  te r ra in s  
o ccu r f u r th e r  to  th e  so u th  as w ell.
T h e  g eo log ica l m a p p in g  o f  T a n a k a  e t al., (2005) a lso  p ro v ed  u se fu l in  c h a ra c te r is in g  th e  
te r ra in  ty p e s  o n  w h ic h  fe a tu re s  occu rred . T h e  m a p s  o f  th e  s tu d y  a reas  p re s e n te d  in  th is  
c h a p te r  in c lu d e  T a n a k a  e t a l.’s g eo log ica l m a p  o f  th e  N o r th e r n  P la in s . T h e  m o s t 
p re v a le n t te r ra in  ty p e  is th e  V a s ti ta s  B o rea lis  in te r io r  u n it , w h ic h  co v e rs  la rg e  p a r ts  o f  
th e  N o r th e rn  P la in s .
6.2 A im s
T h e  m a in  a im  o f  th e se  su rv e y s  w as  to  d e te rm in e  h o w  c o m m o n  p o ss ib le  p e rig la c ia l 
fe a tu re s  are  o n  th e  N o r th e rn  P la in s  o f  M a rs  a n d  to  c o n s tra in  th e i r  d is t r ib u tio n . T h e  
a im  w as  to  b u ild  o n  th e  w o rk  o f  th e  s tu d ie s  su m m a rise d  in  th e  p re c e d in g  sec tio n , 
e x p a n d in g  u p o n  th e ir  g eo g rap h ic  e x te n ts  a n d  c o m p a rin g  a n d  c o n tra s t in g  e x a m p le s  
f ro m  o th e r  p a r ts  o f  th e  p la n e t to  th e  p u b lish e d  li te ra tu re . I t  is im p o r ta n t  to  c o n s id e r  
th e i r  d is tr ib u tio n  in  b o th  la ti tu d e  a n d  lo n g itu d e  so th a t  th e  p re v a le n c e  o f  d if f e re n t  ty p e s  
o f  fe a tu re  c an  be co m p ared  a n d  c o n tra s te d  b e tw e e n  th e  d if fe re n t b a s in s  th a t  c o m p rise  
th e  N o r th e r n  P la in s . D if fe re n t e n v iro n m e n ta l  c o n d itio n s  w o u ld  be e x p e c te d  a t 
d if fe re n t la titu d e s ; c o n se q u e n tly , a n y  tre n d s  in  la t i tu d in a l  d is t r ib u t io n  co u ld  be 
im p o r ta n t  in  c o n s tra in in g  fo rm a tio n  m e c h a n ism s .
T h e  o v e ra rc h in g  o b jec tiv e  o f  th is  w o rk  re m a in s  to  te s t  th e  h y p o th e s is  th a t  so m e  
m a r t ia n  la n d fo rm s  a re  pe rig lac ia l in  n a tu re . C h a p te r  T w o  p re s e n ts  p o ss ib le  m a r t ia n  
an a lo g u es  fo r  each  o f  th e  k ey  p e rig lac ia l fe a tu re s  it  d escrib es , b u t  th e se  a n a lo g u e s  a re  fa r  
f ro m  c e rta in .
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Since thaw ing would probably be unusual under m artian  conditions, strong evidence is 
needed to m ake the case that these features are its result. C onstraining the conditions in 
w hich m artian  features form  is a good place to start w hen testing th is hypothesis and 
th is requires a clear picture of their regional distribution. T he frequency w ith  which 
possible periglacial features occur is also im portant. T he presence of landform s which 
are few and far between carries less w eight than  those w hich are ubiquitous and appear 
in num erous images w idely dispersed across the study area.
These surveys were a key com ponent of the wider PhD  project as they  provided the 
large scale datasets from  w hich case studies for further analysis were draw n. For 
example, the areas of sorted patterned ground discussed in C hapter Five were 
discovered as part of the  w ork outlined in th is section.
6.3 Choosing the images.
V arious instrum ents are currently, or have recently been, in operation around M ars, 
producing a w ealth of image data. Each dataset has a different am ount of coverage at a 
d ifferent resolution, so deciding w hich dataset to use for a survey such as th is lim its not 
only the area w hich the survey can cover but also the types of features w hich are likely 
to  be observed.
G iven the small size of m ost periglacial features (m etres to decam etres) and the fact
th a t diagnostic features such as clastic patterns are frequently sub-m etre in  size, it was
clear th a t the m ajority of the features would only be visible in the highest resolution
images. Consequently, it was decided th a t the surveys should focus on H igh Resolution
Im aging Science Experim ent (H iR ISE ) images from  the  M ars Reconnaissance O rbiter.
M edium -resolution C ontext Cam era (C T X ) data could then  be used for specific
surveys o f larger features. As described in Chapter Five, the H iRISE camera provides
the  h ighest resolution images of the  m artian  surface, w ith  a resolution of
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a p p ro x im a te ly  25-50 cm  p e r  p ix e l. L arg er fea tu re s , su ch  as sca llo p ed  d e p re ss io n s , g u llie s  
an d  la rg e  scale f ra c tu re  p o ly g o n s , a re  a lso  v is ib le  in  th e  a p p ro x im a te ly  6 m  p e r  p ix e l 
C T X  im ages.
6.3.1 H iR IS E  S u rv e y
W h ile  th e  C T X  d a ta se t n o w  co v ers  a la rg e  p ro p o r tio n  o f  th e  p la n e t, H iR IS E  im ag es  
re m a in  w id e ly  spaced  w i th  s ig n if ic a n tly  lo w e r o v e ra ll coverage , 1.6% o f  th e  m a r t ia n  
su rface  h a s  so fa r  b e e n  im ag ed  b y  th e  H iR IS E  c am era . T h is  is n o t  a m a jo r  d isa d v a n ta g e  
fo r  a su rv e y  o f  th is  so rt, as th e  in te n t io n  is n o t  to  m ap  o u t a c o h e re n t a rea  in  d e ta il, b u t 
r a th e r  to  p ro d u c e  a ca ta lo g u e  o f  th e  fe a tu re s  w h ic h  a re  fo u n d  ac ro ss  a g iv e n  re g io n  a n d  
to  d e te rm in e  th e ir  sp a tia l p a tte rn s . E n o u g h  H iR IS E  im ag es  a re  a v a ilab le  to  p ro v id e  a 
su ff ic ie n t sp read  o v e r  th e  n o r th e rn  p la in s , e ach  p re se n tin g  a s n a p sh o t o f  a few  te n s  o f  
sq u a re  k ilo m e tre s . F a r m o re  H iR IS E  im ag es  a re  av a ilab le  th a n  co u ld  p ra c tic a lly  h a v e  
b e e n  e x a m in e d  d u r in g  th e  co u rse  o f  th is  p ro jec t, s ince  su rv e y in g  e v e n  a r e la tiv e ly  sm a ll 
a rea  a t su ch  h ig h  re so lu tio n  is v e ry  t im e  c o n su m in g .
I t  w as d ec id ed  th a t  th e  av a ilab le  im ag es  sh o u ld  be se lec tiv e ly , r a th e r  th a n  ra n d o m ly , 
sam p led  so as to  fo cu s  o n  th e  e n v iro n m e n ts  th a t  p re v io u s  s tu d ie s  (e.g . G a lla g h e r  e t al., 
2011) h a d  in d ic a te d  cou ld  be su ita b le  fo r  a p e rig lac ia l e n v iro n m e n t. T h e  m a jo r i ty  o f  th e  
n o r th e rn  p la in s  c o n s is t o f  fa ir ly  fla t, lo w  ly in g  g ro u n d  w ith  th e  m a in  so u rce  o f  re l ie f  
b e in g  in f re q u e n t im p a c t c ra te rs . H iR IS E  im ag es  c o v e rin g  m e d iu m  to  la rg e  im p a c t 
c ra te rs  ty p ic a lly  p ro v id e  th e  g re a te s t v a r ie ty  o f  n o r th e r n  p la in s  te r ra in s . F o r th is  re a so n , 
it  w as d ec id ed  th a t  th e  fo cu s th e  su rv e y  sh o u ld  be o n  H iR IS E  im ag es  th a t  co v e red  2-10 
k m  d ia m e te r  im p a c t c ra te rs  in  th e  N o r th e rn  P la in s . S u c h  im ag es  u su a lly  c o v e r a t le a s t 
so m e o f  th e  c ra te r  in te r io r  a n d  in  so m e  cases a lso  th e  c e n tra l p eak . S u c h  a p e a k  a n d  th e  
in n e r  an d  o u te r  c ra te r  w a lls  w o u ld  be e x p e c te d  to  p ro v id e  a goo d  e n v iro n m e n t  fo r  th e  
fo rm a tio n  o f  h ill-s lo p e  fe a tu re s  su ch  as gu llies , so rte d  s tr ip e s  a n d  so lif lu c tio n  lo b es
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am idst the  otherwise low relief of the northern  plains. T he edges of such images are 
generally dom inated by the flatter northern  plains terrain, w hich should be 
representative of the inter-crater area. T he crater’s ejecta blanket provides a final 
category o f terrain  w ith in  these images.
6.3.2 C T X  S u rv e y
In  addition to this sample of H iRISE images, it was decided that one region should also 
be surveyed using C T X , so tha t the areas betw een large craters could be covered, albeit 
at lower resolution. T his survey would ensure tha t the  area around those craters chosen 
for the H iR ISE survey was representative of the surrounding plains, as well as 
providing a “high coverage/ m edium  resolution” counter point to the “low 
coverage/high resolution” H iR ISE survey. T he use of C T X  images also m ade it 
possible to exam ine continuous variations in the distribution of those landform s which 
were discernible in the lower resolution data, such as scalloped depressions and large 
scale fracture polygons.
T he sam pling of H iRISE images in the C T X  survey region was expanded to include all 
images, not just those tha t covered large craters. T he decision to extend the survey in 
th is m anner was made because m any potentially periglacial features were found to be 
present on the plains surrounding the craters chosen for the initial H iRISE survey, not 
just w ith in  the craters them selves. In  an ideal situation a C ontext survey of th is sort 
would have been conducted for the entire area surveyed in H iRISE, but expanding the 
entire survey to exam ine the inter-crater regions using C T X  would have been 
prohibitively tim e consum ing. T he tim e taken to survey a continuous sw ath of C T X  
images is far greater than  tha t required for a full exam ination of isolated HiRISE 
images.
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6.3.3 C onstraining the study area
T h e  N o r t h e r n  p la in s  o f  M a rs  co m p rise  a series o f  vas t  b a s in s  w h ic h  cover  m u c h  o f  th e  
n o r th e r n  h e m isp h e re .  T h e i r  s o u th e rn  e x te n t  is b o rd e red  b y  th e  p la n e ta ry  d ic h o to m y  
b o u n d a ry  w h ic h  c o n s t ra in s  a ro u g h ly  t r ia n g u la r  reg io n  c o n s is t in g  o f  th r e e  large p la ins ,  
A cida lia ,  U to p ia  a n d  A rc a d ia  P lan it iae .  T h e  n o r th e r n  e x te n ts  o f  th e se  p la in s  m e rg e  in to  
th e  V a s t i ta s  Borealis, th e  reg io n s  a ro u n d  th e  n o r th e r n  po la r  ice cap. F igure  6.2 sh o w s  a 
m a p  o f  th e  n o r th e r n  p la in s  in  a p o la r  s te reo g rap h ic  p ro jec t ion .  T h i s  w il l  be used  fo r  th e  
m a jo r i ty  o f  m a p s  in te n d e d  to  sh o w  th e  en t i re  su rv e y  area. C lo c k w ise  f r o m  th e  to p  o f  
th e  m a p  are th e  A rcad ia ,  U to p ia  an d  A c ida lia  basins .
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Figure 6.2: Topography of the N orthern  Plains o f M ars.
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F ig u re  6.3: G eo lo g y  o f  th e  N o r th e rn  p la in s  o f  M a rs  (T a n a k a  e t al., 2005). T h e  m a jo r ity  
o f  th e  s tu d y  a reas  are  lo ca ted  w i th in  th e  pa le  g re e n  V a s ti ta s  B orea lis  In te r io r  U n i t  
(A B vi), in te r ru p te d  b y  th e  p a le  g o ld  u n i ts  s u rro u n d in g  la rg e  im p a c t c ra te rs  (A H c ) . 
A rc a d ia  P la n it ia  is th e  e x c e p tio n , s ince  i t  is in s te a d  d o m in a te d  b y  th e  A rc a d ia  P la n itia  
U n i t  (H A a ) .  O th e r  g eo log ica l u n i ts  a re  d e fin ed  in  th e  te x t  w h e re  th e y  b eco m e re le v a n t.
H iR I S E  coverage  in  these  reg io n s  is gen era l ly  v e ry  good. A  to ta l  o f  10,531 Im ag es  cover
170 E E G e o lo g y  o f
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2.9% o f  th e  N o r t h e r n  P la in s  n o r t h  o f  30°N. T h e r e  is a good spread  o f  im ages  ov e r  m o s t  
o f  th e  d if fe re n t  geological u n i t s  an d  te r r a in  types .  M e d iu m  to  large im p a c t  c ra te rs  are 
f r e q u e n t  ta rg e ts  fo r  H iR I S E  so m a n y  h av e  coverage  a n d  m o s t  o f  th e  la rgest c ra te rs  such  
as L o m o n o s o v  a n d  L yo t c ra te rs  h av e  m u l t ip le  H iR I S E  im ages  w i th in  th e i r  ex ten t .
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T o  b e g in  w ith , th e  n o r th e rn  h e m isp h e re  o f  M a rs  w as  d iv id ed  in to  io° b y  io° sq u ares  an d  
a G e o g ra p h ic  In fo rm a tio n  S y s te m  (G IS )  w ith  M a rs  C ra te r  C o n s o r t iu m  (e.g . B arlo w  e t 
al., 1990) d a ta  w as  u sed  to  lo ca te  c ra te rs  w i th  d ia m e te rs  o f  o n e  k m  o r m o re . A ll th e  
H iR IS E  im ag es  th a t  in te rse c te d  th e se  c ra te rs  w ere  id e n tif ie d . E v e n  b y  l im itin g  th e  
m a in  su rv e y  to  th o se  im ag es  th a t  o v e rlap p ed  m e d iu m -s iz e d  im p a c t c ra te rs  th e re  
re m a in e d  sev era l th o u s a n d  im ag es  av a ilab le  fo r  s tu d y . I t  w o u ld  h a v e  b e e n  im p o ss ib le  to  
su rv e y  all o f  th e se  im ag es  w i th in  a re a so n a b le  t im e  fram e .
C o n se q u e n tly , it  w as  d ec id ed  to  d e f in e  th re e  s tu d y  areas in  e ach  o f  th e  la rg e  b a s in s  o f  
A c id a lia , U to p ia  an d  A rc a d ia  P la n itia e  so th a t  c o m p a riso n s  b e tw e e n  th e  th re e  co u ld  be 
m ad e . T h e  q u a lify in g  H iR IS E  im ag es  fo r  th e se  re g io n s  w ere  d o w n lo a d e d  a n d  p u t  in to  a 
se ries  o f  G IS  to  c o n d u c t th e  su rv ey s . S in ce  th e  p ro jec t sp a n n e d  th e  d u ra tio n  o f  th e  
P h .D . s tu d ie s  th e se  d a ta se ts  w e re  o cc a s io n a lly  e x p a n d e d  to  in c lu d e  n e w ly  re lea sed  
im ag es  w h ic h  m e t th e  se lec tio n  c rite r ia .
E ach  o f  th e  s tu d y  a reas  sp an s  a 50° la ti tu d e  s w a th  o f  th e  m id  to  h ig h  la ti tu d e s  b e tw e e n  
30° a n d  8o° n o r th . In  m a n y  a reas, th is  m e a n t th a t  th e  s o u th e rn  e x te n t  in c lu d e d  o r  w as 
ju s t  to  th e  n o r th  o f  th e  p la n e ta ry  d ic h o to m y  b o u n d a ry  an d  th e  edge o f  th e  s o u th e rn  
h ig h la n d s . T h e  lin e  o f  30° la ti tu d e  w as se lec ted  as th e  so u th e rn  b o u n d a ry  as th is  is th e  
s o u th e rn  l im it  a t w h ic h  s tab le  g ro u n d  ice is lik e ly  to  be p re se n t (B o y n to n  e t al., 2010; 
F e ld m a n  e t al., 2004). T h e  n o r th e rn  e x te n t  o f  each  s tu d y  a rea  fa lls  ju s t  s h o r t  o f  th e  edge 
o f  th e  p o la r  cap  in  m o s t p laces, so m e tim e s  in c lu d in g  th e  edge o f  th e  c irc u m p o la r  d u n e  
f ie ld s  w h ic h  co v er th e  n o r th e rn  p a r t  o f  th e  V a s tita s  B orealis . C o n s e q u e n tly , th e  fu ll 
ra n g e  o f  la titu d e s  ty p ic a lly  co v ered  b y  th e  n o r th e rn  p la in s  w as  re p re s e n te d  w i th in  th e  
su rv e y , e x cep t fo r  th o se  a reas  w h e re  th e  p la n e ta ry  d ic h o to m y  e x te n d e d  f u r th e r  to  th e  
so u th  su ch  as in  U to p ia  P la n itia .
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T h e  lo n g itu d in a l c o n s tra in ts  o f  th e  su rv e y  areas w e re  m o re  a rb itra r ily  d e fin ed . T h e  
U to p ia  a n d  A rc a d ia  s tu d y  a reas  c o n s is te d  o f  6o° w id e  re g io n s  se lec ted  to  be ro u g h ly  
c e n tra l  to  th e  b as in s , w h ile  th e  A c id a lia  su rv e y  a rea  c o n s is te d  o f  a 50° w id e  b lo ck  o n  th e  
e a s te rn  r im  o f  th e  b a s in . T h e  e a s te rn m o s t 20 d eg rees o f  th is  w as  se lec ted  fo r  th e  
C o n te x t  S u rv e y  since  it h ad  v e ry  good  C T X  co v erag e  an d  c o n ta in e d  th e  area  o f  
w id e sp re a d  p a tte rn e d  g ro u n d  a ro u n d  L o m o n o so v  C ra te r  d e ta ile d  in  C h a p te r  F ive. T h e  
a rea  b e tw e e n  6o° an d  130° w e s t is d o m in a te d  b y  th e  T h a rs is  re g io n . T h is  area  h as  
d ra m a tic a lly  d if fe re n t te r ra in  to  th e  lo w e r ly in g  N o r th e rn  P la in s; C o n se q u e n tly , n o  
su rv e y  w a s  c o n d u c te d  in  th e  n a rro w  b a n d  o f  V a s ti ta s  B orealis  fo rm a tio n  to  th e  n o r th  o f  
O ly m p u s  M o n s . In  to ta l  672 C T X  im ag es a n d  468 H iR IS E  im ag es  w ere  se lec ted  to  be 
su rv e y e d  as sh o w n  in  F ig u re  6.4. T h e  H iR IS E  im ag es co v e r a n  area  o f  69845.2 k m 2 o r 
21.9% o f  th e  to ta l  a rea  im ag ed  b y  H iR IS E  in  th e se  reg io n s.
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F ig u re  6.4: T h e  lo c a tio n s  o f  th e  im ag es  u se d  w i th in  th is  su rv ey . R ed  d ia m o n d s  in d ic a te  
H iR IS E  im ag es, w h ile  th e  go ld  a rea  is th a t  co v ered  b y  C T X  im ag es . C lo c k w ise  f ro m  
th e  to p  th e  th re e  c lu s te rs  o f  im ag es  a re  th e  A rcad ia , U to p ia , a n d  A c id a lia  s tu d y  areas.
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Table 6.1: Area covered by the HiRISE Survey broken down by study area and latitude
band.
A rea Surveyed  km 2 A cidalia U top ia Arcadia N orthern  P lains >3o°N
T otal 3x548.68 20186.1 18110.4 69845.2
30-40 °N 12186.2 82x9.16 5188.19 25593-55
40-50 °N 6557.02 4940.64 3647.79 15145.45
50-60 °N 3159.49 3071.29 4100.88 10331.66
60-70 °N 2779-59 3955 2808.86 9543-45
70-80 °N 6866.38 2364.71 9231.09
°4> o f  H iR ISE  C overage
T ota l 26.75 22.44 16.36 21.92
30-40 °N 31-54 25-45 16.07 24.80
40-50 °N 18.19 16.35 14.60 16.60
50-60 °N 31.02 19.00 19.36 21.74
60-70 °N 48.04 35-07 27.92 35-18
70-80 °N 25.18 0.00 10.65 18.66
6.4 O verview  o f Study Areas
6.4.1 E a s te rn  A c id a lia  P la n itia
T h is  s tu d y  a rea  covers a la rg e  re g io n  o f  th e  n o r th e rn  p la in s  b e tw e e n  20° w e s t a n d  30° 
east, a n d  30° an d  8o° n o r th . I t  co v e rs  a b ro ad  sw a th  o f  A c id a lia  P la n itia , w i th  th e  
s o u th e rn m o s t  p a r t  o f  th e  s tu d y  area  lo ca ted  a m id s t th e  fre tte d  te r ra in  a ro u n d  th e  
p la n e ta ry  d ic h o to m y  in  C y d o n ia  a n d  D e u te ro n ilu s  M en sae . T h e  n o r th e rn  edge e x te n d s  
in to  th e  V a s ti ta s  B orea lis  a n d  o n to  th e  n o r th  p o la r  cap itse lf.
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F ig u re  6.5: M a p  o f  th e  A c id a lia  P la n itia  s tu d y  a rea  sh o w in g  th e  d is tr ib u tio n  o f  th e  
im ag es  u sed  in  th e  su rv e y s  o f  th is  reg io n . T h e  lo c a tio n  o f  L o m o n o so v  C ra te r , a n  
im p o r ta n t  s tu d y  area, is m a rk e d  b y  a d a rk  oval.
T h e  s o u th e rn  p a r t  o f  th is  s tu d y  area is d o m in a te d  b y  th e  n o r th e r n  edge o f  th e  s o u th e r n  
h ig h lan d s ,  w h ic h  o ccupy  m u c h  o f  th e  3 0 '4 0 °N  la t i tu d e  b a n d  in  th e  w e s t  o f  th e  s tu d y  
area a ro u n d  C y d o n ia  M e n s a e  a n d  e x te n d  in to  th e  4 0 '5 o °N  b a n d  in  th e  east in  th e  area 
o f  D e u te ro n i lu s  M e n sa e .  T h e  h ig h  la t i tu d e s  h a v e  tw o  large im p a c t  c ra te rs  L o m o n o s o v  
c ra te r  an d  K u n o w s k y  c ra ter ,  w h ile  th e  e a s te rn  edge o f  th e  s tu d y  a rea  passes  t h r o u g h  th e  
Lyot im p ac t  basin .  O t h e r  large c ra te rs  inc lu d e  D av ies ,  L agarto ,  A ra n d a s  a n d  B a m b e rg  
cra ters ,  m o s t  o f  w h ic h  have  s ig n i f ic a n t ly  large ejecta fie lds to  be n o te d  o n  th e  geological 
m ap .
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T h e  m a jo r ity  o f  th e  n o r th e a s t  o f  th e  su rv e y  area  c o n s is ts  o f  th e  V a s ti ta s  B orealis  
In te r io r  U n i t  (A Bvi) w h ic h  ap p ea rs  as th e  l ig h t g re e n  area  o n  th e  geo log ical m ap . T h e  
re g io n  so u th  o f  th e  d ic h o to m y  b o u n d a ry  p re d o m in a n tly  c o n s is ts  o f  th e  N o a c h is  T e rra  
U n i t  (N m ) . T h e  tw o  are  se p a ra ted  b y  a th in  b a n d  o f  th e  V a s ti ta s  B orea lis  m a rg in a l 
u n i t  (ABvm) a n d  D e u te ro n ilu s  M e n sa e  U n its  (H B di and ABdz).
In  a d d itio n  to  th e  d ra m a tic  d iffe re n c es  b e tw e e n  th e  n o r th e rn  p la in s  an d  th e  so u th e rn  
h ig h la n d s  th e  tr a n s i t io n a l  re g io n s  a lo n g  th e  d ic h o to m y  b o u n d a ry  fo rm  an  e n v iro n m e n t 
th a t  is d is t in c t  f ro m  b o th . T h e  area  b e tw e e n  30-50° N  co m p rise s  f re tte d  te r ra in  w h e re  
n u m e ro u s  f la t m esas  d o m in a te  th e  lan d scap e , an d  th e  c a n y o n s  b e tw e e n  th e m  are  
f re q u e n tly  filled  w ith  l in e a te d  v a lle y  fill (S h a rp , 1973; S q u y res , 1978). T h is  is in  sh a rp  
c o n tra s t  to  th e  n o r th e rn  p a r t  o f  th e  s tu d y  area  w h ic h  la rg e ly  fe a tu re s  sm o o th  n o r th e rn  
p la in s  in te rsp e rse d  w i th  p a tc h e s  o f  f ra c tu re  p o ly g o n s  an d  a reas  w h e re  th e  icy  m a n tle  
h a s  b e e n  d eg rad ed  to  fo rm  sca lloped  d ep re ss io n s . In  th e  n o r th  th e  m a in  to p o g ra p h ic  
fe a tu re s  a re  la rg e  im p a c t c ra te rs , a lth o u g h  sm a lle r  h ills  do occur.
A n  im p o r ta n t  fa c to r  to  c o n s id e r  in  a n a ly s in g  th e  d is tr ib u tio n  o f  p o ssib le  p e rig lac ia l 
fe a tu re s  is th e  lik e lih o o d  th a t  g ro u n d  ice is p re se n t to  a s ig n if ic a n t degree. 
C o n se q u e n tly , th e  W a te r  E q u iv a le n t H y d ro g e n  ( W E H )  m e a su re m e n ts  o f  F e ld m a n  e t 
al., (2004) w as  a lso  p lo tte d  fo r  each  s tu d y  area.
A re a s  w ith  w a te r  e q u iv a le n t h y d ro g e n  ab u n d a n c e  o f  0.1 o r h ig h e r  are  g e n e ra lly  fo u n d  
n o r th  o f  65 °N . W E H  a b u n d a n c e s  in  excess o f  0.2 are  ty p ic a lly  fo u n d  n o r th  o f  65°N  in  
th is  reg io n , b u t  o ccu r f u r th e r  n o r th  in  th e  w e s te rn  p a r t  o f  th e  s tu d y  area . L o m o n o so v  
C ra te r  h a s  a s lig h tly  lo w e r W E H  th a n  ex p ec ted , an d  th e  0.2 th re sh o ld  is a t a ro u n d  
70°N , to  th e  n o r th  o f  th e  c ra te r ’s e jecta .
167 H iR IS E  im ag es, c o v e rin g  31,549 k m 2 w ith in  th is  reg io n , w e re  e x a m in e d  as p a r t  o f  
th e  m a in  su rv e y . T h e s e  c o n s is te d  o f  a ll o f  th e  im ag es o v e r la p p in g  m e d iu m  to  large
d ia m e te r  im p a c t c ra te rs  in  th e  re g io n  east o f  th e  p r im e  m e r id ia n  a n d  all o f  th e  H iR IS E  
im ag es in  th e  w e s te rn  p a r t  o f  th e  s tu d y  area  (a s  o f  s u m m e r  2013). T h e  re g io n  w e s t o f  
th e  m e r id ia n  w as c h o se n  fo r  th e  c o n te x t su rv e y  a n d  a n  a d d itio n a l 672 C T X  im ag es 
w ere  su rv e y e d  in  th is  a rea . C T X  im ag es  co v e r th e  m a jo r ity  o f  th is  area , a l th o u g h  th e re  
are  sev era l la rg e  gaps in  th e  av a ilab le  d a ta , p a r tic u la r ly  b e tw e e n  50° a n d  6o° n o r th . 
T h e re  is a n  u n in te r ru p te d  b a n d  o f  C T X  im ag es  ru n n in g  fro m  th e  n o r th e rn  e x tre m e  o f  
th e  su rv e y  a rea  to  th e  s o u th e rn  edge o f  A c id a lia  P la n itia  b e tw e e n  350'352°E, 
C o n se q u e n tly , th is  w as  th e  fo cu s o f  th e  c o n te x t  su rv e y  w i th  th e  s tu d y  a rea  b e in g  
e x p a n d e d  to  th e  east an d  w e s t w h e re  im ag es  w ere  av a ilab le . U lt im a te ly , su ff ic ie n t 
im ag es  w e re  e x a m in e d  to  p ro d u c e  a good  sp read  o f  d a ta  ac ro ss  th e  20° - 50° a rea  d esp ite  
th e  gaps in  th e  coverage . I t  is e s tim a te d  th a t  a p p ro x im a te ly  8 4 0 / 0  o f  th e  to ta l  a rea  w as 
su rv ey ed .
6.4.2 C e n tra l  U to p ia  P la n itia
T h is  s tu d y  area  c o n s is ts  o f  th e  area  b e tw e e n  3 0 '7 0 °N  a n d  8o-i4o°E  in  th e  c e n tra l re g io n  
o f  th e  U to p ia  b a s in . T h is  a rea  w as  c h o se n  as i t  co v ers  a re g io n  w h e re  n u m e ro u s  
p re v io u s  s tu d ie s  h a v e  p ro p o sed  p e rig lac ia l lan d scap es  (e.g . O s in s k i  a n d  S oare , 2007; 
S e jo u rn e  e t al., 2012; S oare  e t al., 2005, 2007, 2012).
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F ig u re  6.6: M ap  o f  th e  U to p ia  P la n itia  s tu d y  a rea  sh o w in g  th e  d is tr ib u tio n  o f  th e  
im ag es  u sed  in  th e  su rv e y  o f  th is  re g io n  (n o r th  is to  th e  b o tto m  le f t) .
T h e  m a in  geological u n i t  p re se n t  w i th in  th e  U to p ia  P lan i t ia  s tu d y  area is aga in  th e  
V a s t i ta s  Borealis  I n te r io r  U n i t  (A B v i) ,  w h ic h  covers  m o s t  o f  th e  area n o r th  o f  50°N. 
T h i s  is m a in ly  b ro k e n  by  im p a c t  c ra te r  u n i t s  such  as L o u th  C ra te r  in  th e  n o r th e r n  pa r t  
o f  th e  s tu d y  area, N ie r ,  V iv e ro  a n d  C e b re n ia  C ra te r s  in  th e  s o u th e rn  pa r t  o f  th e  s tu d y  
area, a n d  M ie  C ra te r ,  th e  la rges t  su ch  fea tu re ,  w h ic h  is o n  th e  e a s te rn m o s t  edge o f  the  
s tu d y  area.
T h e  s o u th e rn  p a r t  o f  th e  s tu d y  area ex h ib i ts  m o re  va r ie ty .  T h e  e a s te rn  p a r t  is 
d o m in a te d  b y  th e  T in ja r  V a l le s  ‘a ’ U n i t  (AEta). T h i s  area has  a s l ig h t ly  lo w e r  degree  o f  
coverage  t h a n  m o s t  o f  th e  res t  o f  U to p ia  P lan it ia ,  as fe w e r  sites m e e t in g  the
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re q u ire m e n ts  o f  H iR IS E  im ag es  o f  m e d iu m -s iz e d  im p a c t c ra te rs  w e re  fo u n d  o n  th is  
u n it .  T h e  A s ta p u s  C o lie s  u n i t  (A B a) occu p ies  th e  w e s te rn  edge o f  th e  s tu d y  a rea  a n d  
a reas  o f  E ly s iu m  R ise U n i t  (A H E e ) en c ro a c h  o n  th e  so u th  e a s te rn  edge. T h is  re g io n  
lack s th e  f re tte d  te r ra in  w h ic h  is c o m m o n  in  th e  s o u th e rn  p a r t  o f  th e  A c id a lia  s tu d y  
a rea . U to p ia  P la n itia  e x te n d s  f u r th e r  to  th e  so u th  an d  so th e  p la n e ta ry  d ic h o to m y  is 
b e y o n d  th e  so u th e rn  edge o f  th e  s tu d y  a rea , w h ic h  fa lls  n e a r  th e  A d a m a s  L a b y r in th u s  
reg io n . N e v e rth e le ss , th e re  are  few , i f  an y , re p o r ts  o f  p e rig lac ia l te r ra in  in  th e se  
so u th e rn m o s t reg io n s , so th e  ch o ice  o f  th e  so u th e rn  b o u n d a ry  o f  th e  s tu d y  area  w as  s till 
fe lt to  be ap p ro p ria te .
A s sh o w n  in  f ig u re  6.1 th e  re g io n s  w i th  w a te r -e q u iv a le n t h y d ro g e n  o f  ab o v e  0.2 are  
lim ite d  to  th e  n o r th e rn m o s t  p a r ts  o f  th is  s tu d y  a rea . T h is  is g e n e ra lly  th e  area  n o r th  o f  
65 '70°N . H o w e v e r  W E H  o f  0.1 o r g re a te r  is g e n e ra lly  fo u n d  n o r th  o f  6 o °N  acro ss  a 
la rg e  p a r t  o f  th e  s tu d y  a rea . I t  is fo u n d  as fa r  so u th  as 55°N a t th e  e a s te rn m o s t  edge. 
T h e  so u th -w e s te rn  re g io n  h as  th e  lo w e s t W E H  w h ile  v a lu e s  in  th e  ea s t re m a in  
so m e w h a t h ig h e r, ab o v e  0.05 e v e n  as fa r  so u th  as th e  edge o f  th e  s tu d y  a rea  a t 30 
deg rees
U to p ia  P la n itia  h a s  b een  a fo cu s o f  m a r t ia n  p e rig lac ia l re se a rc h  fo r  so m e  tim e , so it  w as 
im p o r ta n t  to  in c lu d e  it  in  th is  s tu d y . U to p ia  is b e liev ed  to  h a v e  a h ig h  c o n c e n tra t io n  o f  
p u ta tiv e  p e rig lac ia l la n d fo rm s . T h e re fo re  c o m p a rin g  re su lts  f ro m  th is  area  w i th  th o se  
f ro m  th e  A c id a lia  a n d  A rc a d ia  su rv e y s  sh o u ld  in d ic a te  h o w  c o m m o n  su c h  fe a tu re s  are  
acro ss  th e  m a r t ia n  p la in s . T h is  w ill h e lp  to  d e te rm in e  w h e th e r  U to p ia  is a u n iq u e  case 
o r w h e th e r  it is re p re se n ta tiv e  o f  th e  re s t o f  th e  reg io n , b u t  h a s  s im p ly  re c e iv e d  m o re  
a t te n t io n  th a n  o th e r  a reas  d u e  to  th e  n u m e ro u s  s tu d ie s  th a t  h a v e  b e e n  c o n d u c te d  th e re . 
In  to ta l  126 H iR IS E  im ag es w e re  e x a m in e d  in  th is  s tu d y  area  c o v e rin g  20,186 k m 2 T h is
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su rv e y  does n o t  e x te n d  to  8o° n o r th  as th e  o th e rs  do due  to  a lack o f  H iR I S E  im ages  in 
th is  a rea th a t  m e t  th e  c r i te r ia  fo r  th e  survey .
6.4.3 Central Arcadia Planitia
T h is  s tu d y  area co ns is ts  o f  a s im ila r  area to  th e  U to p ia  su rv ey  co v er in g  th e  reg ion  
b e tw e e n  30-80 ° N  and  i6o-22o°E. A g a in ,  all H iR I S E  im ages  o v e r lap p in g  m e d iu m  to 
large im p a c t  c ra te rs  w e re  su rveyed .
AHEe
♦  HiRISE (175 Images)
F ig u re  6.7: M a p  o f  th e  A rc a d ia  P la n itia  s tu d y  area  sh o w in g  th e  d is tr ib u tio n  o f  th e  
im ag es  u sed  in  th e  su rv ey  o f  th is  reg io n .
T h e  V a s t i t a s  Borealis  I n te r io r  U n i t  (ABvi), w h ic h  w as  p re v a le n t  across  th e  o th e r  tw o  
s tu d y  areas, is m u c h  scarcer in  th e  A rcad ia  P lan i t ia  s tu d y  area. It can  be fo u n d  across
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so m e o f  th e  n o r th  w e s te rn  c o rn e r, f re q u e n tly  in te r ru p te d  b y  th e  ejec ta  o f  la rg e  im p a c t 
c ra te rs , an d  sep a ra ted  f ro m  o th e r  te r ra in s  b y  la rg e  b a n d s  o f  th e  V a s ti ta s  B orea lis  
M a rg in a l U n i t  (ABvm).
T h e  c e n tre  o f  th e  s tu d y  area  is occu p ied  b y  th e  A m a z o n is  P la n itia  N o r th  U n i ts  (A A am  
and AAa2n) an d  th e  A rc a d ia  P la n itia  U n i t  (H A a ) . T h e re  are  also  so m e  p a tc h e s  o f  
N e p e n th e s  M e n sa e  U n i t  ( H N n ) .  T h e  n o r th -e a s t  c o rn e r  o f  th e  s tu d y  area  is o ccu p ied  b y  
th e  S can d ia  R eg io n  U n i t  (A b s) . T h is  m a k e s  A rc a d ia  th e  m o s t geo lo g ica lly  v a ria b le  o f  
th e  th re e  s tu d y  areas e x a m in e d  d u r in g  th is  su rv ey . T h e re  a re  sev era l la rg e  im p a c t 
c ra te rs , m o s tly  in  th e  n o r th e rn  reach es  o f  th e  s tu d y  a rea . T h e se  in c lu d e  th e  S to k es  an d  
K o ro lev  C ra te rs  in  th e  w e s t a n d  M ila n k o v ic  c ra te r  in  th e  east. T h e  E reb u s  a n d  P h le g ra  
M o n te s  can  be fo u n d  in  th e  s o u th e rn  p a r t  o f  th is  reg io n .
W a te r -e q u iv a le n t  h y d ro g e n  a b u n d a n c e s  in  ex cess  o f  0.2 a re  g e n e ra lly  fo u n d  n o r th  o f  
65°N  b u t  e x te n d  f u r th e r  to  th e  so u th , as fa r  as 57°N  a t th e  e a s te rn  edge o f  th e  s tu d y  area  
(see  f ig u re  6.1). L ikew ise  th e  b o u n d a ry  o f  0.1 W E H  v a rie s  f ro m  as h ig h  as 55°N a t th e  
w e s te rn  edge o f  th e  s tu d y  area  to  4 7 °N  a t th e  e a s te rn  edge. T h e  re g io n s  w i th  lo w e s t 
W E H  are  in  th e  so u th  w e s te rn  c o rn e r  o f  th e  s tu d y  area.
In  g e n e ra l m o s t o f  th e se  g eo log ica l u n i ts  h a v e  e q u iv a le n t H iR IS E  co v erag e . M o s t o f  th e  
la rg e  im p a c t c ra te rs  a re  in c lu d e d  an d  n u m e ro u s  im ag es  are  fo u n d  o n  each  o f  th e se  
te r ra in s . A  to ta l  o f  175 H iR IS E  im ag es  w e re  su rv e y e d  in  th is  re g io n  c o v e rin g  a n  a rea  o f  
18,110 k m 2.
6.4 .4  D is tr ib u t io n  o f  Im ag e s
In  g e n e ra l H iR IS E  im ag es  are  w e ll sp read  o u t  o v e r  th e se  s tu d y  a reas . T h e re  a re  so m e  
la rg e  gaps w h e re  n o  H iR IS E  co v erag e  is p re se n t, a n d  so m e  o f  th e  io° b y  io ° g r id  sq u a re s  
d id  n o t  c o n ta in  a n y  q u a lify in g  im ag es , p a r tic u la r ly  in  th e  n o r th e rn  10 d eg rees  o f  th e
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U to p ia  P lan i t ia  s tu d y  area. In  som e  cases th e re  is a s l igh t  bias to  one  pa r t  o f  th e  su rv ey  
area. For e x a m p le  th e  so u th e rn  p a r t  o f  th e  A c ida lia  P la n i t ia  su rv ey  area over laps  the  
edge o f  th e  p la n e ta ry  d ic h o to m y  b o u n d a ry .  T h i s  pa r t  o f  th e  s tu d y  area is located  at th e  
edge o f  th e  h eav i ly  c ra te red  h ig h la n d s  w h ile  th e  n o r th e r n  e x te n t  is on  th e  y o u n g e r  
n o r th e r n  p lains. C o n s e q u e n t ly ,  fa r  m o re  c ra te rs  can  be fo u n d  in  th e  s o u th e rn  reg ion  
t h a n  in  th e  n o r th e r n  p a r t  o f  th e  su rvey .
A d d i t io n a l ly ,  th e  area co v ered  b y  th e  su rv ey s  is fa r  g rea te r  at lo w er  la t i tu d es  t h a n  at 
h ig h  la t i tudes ,  since th e  su rv e y  areas  w e re  n o t  de f in ed  to  h av e  an  equa l  area at all 
la t i tudes .  T h e r e  are ty p ic a l ly  m o re  im ages  in  th e  so u th e rn  reg ions  b u t  th e y  are m o re  
spread  ou t.  T h e se  v a r ia t io n s  in  th e  d i s t r ib u t io n  o f  th e  source  im ages  m u s t  be conside red  
w h e n  p a t te rn s  are o b se rved  in  th e  re su l t in g  data .  H o w e v e r  it is be lieved  th a t  th e re  is a 
su ff ic ien t  spread  o f  im ages  a n d  su ff ic ien t  r e p re s e n ta t io n  o f  all la t i tu d es  an d  te r ra in  
ty p es  w i th in  th e  su rv e y  to  p ro d u ce  a r e p re se n ta t iv e  ca ta logue  o f  th e  N o r th e r n  P lains.
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F ig u re  6.8: T h e  to ta l  a rea  su rv e y e d  in  th e  H iR IS E  S u rv e y  b y  la titu d e ; a) n u m b e r  o f  
H iR IS E  im ag es  e x a m in e d , b ) to ta l  a rea  co v ered  b y  th o se  im ag es, c ) p e rc e n ta g e  o f  th e  
a v a ilab le  H iR IS E  im ag es  th a t  w e re  in c lu d e d  in  th e  su rv e y  an d  d ) th e  p ro p o r tio n  o f  th e  
to ta l  a rea  w i th  H iR IS E  co v erag e  to  h a v e  b e e n  su rv ey ed .
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6.5 Survey Procedure
O n c e  th e  ca ta lo g u e  o f  H iR IS E  a n d  C T X  im ag es  h a d  b e e n  d e f in e d  th e y  w ere  su rv ey ed . 
T h e  su rv e y  p ro c e d u re  fo r  b o th  H iR IS E  a n d  C T X  su rv ey s , o u tlin e d  b e low , w as ap p lied  
c o n s is te n tly  acro ss  a ll s tu d y  a reas  a n d  w as  m o s tly  c o n s is te n t  b e tw e e n  th e  H iR IS E  an d  
C T X  su rv e y s . T h e  m a in  d iffe re n c es  in  ap p ro a c h  w ere  d u e  to  th e  d if fe re n t scale o f  th e  
im ag es  a n d  c o n se q u e n tly , th e  v a r ie ty  o f  fe a tu re s  w h ic h  cou ld  be d e tec ted . A ll o f  th e se  
su rv e y s  w ere  c o n d u c te d  m a n u a lly . A u to m a te d  d e te c tio n  o r p a t te rn  re c o g n itio n  sy s te m s  
w e re  c o n s id e re d  to  be to o  p o te n tia lly  u n re lia b le . W h ile  su ch  a s y s te m  m ig h t h av e  b een  
u se fu l in  d e te c tin g  o b v io u s  fe a tu re s  su ch  as e x te n s iv e  f ra c tu re  n e tw o rk s , th e re  w as 
c o n c e rn  th a t  m o re  su b tle  fe a tu re s  su ch  as so rted  p a tte rn e d  g ro u n d  m ig h t be h a rd e r  to  
d e tec t. D e v e lo p in g  su ch  a sy s te m  w o u ld  be an  in te re s t in g  ex e rc ise , b u t  w o u ld  h a v e  
e n ta ile d  a p ro je c t in  an d  o f  i ts e lf  a n d  so w as b e y o n d  th e  scope o f  th is  in v e s tig a tio n  ( th is  
w ill be d iscu ssed  in  m o re  d e ta il in  th e  se c tio n  o n  fu tu re  w o rk  in  C h a p te r  E lev en ).
6.5.1 H iR IS E  S u rv e y
E ach  H iR IS E  im ag e  w as  sy s te m a tic a lly  e x a m in e d  o n -sc re e n  in  th e  G IS , ty p ic a lly  a t a 
m a p  scale o f  1:10,000 to  b e g in  w ith  ( ‘n a t iv e ’ H iR IS E  re s o lu tio n  b e in g  a p p ro x im a te ly  
1:1000). T h is  a llo w ed  la rg e  fe a tu re s  to  be  ea s ily  e x a m in e d . A re a s  c o n ta in in g  p o ss ib le  
sm a lle r  scale fe a tu re s  su ch  as so r te d  p o ly g o n s  o r  so lif lu c tio n  fe a tu re s  w e re  th e n  
e x a m in e d  a t o r n e a r  th e  fu ll re so lu tio n , so th a t  m o re  d e ta ile d  a n a ly s is  co u ld  be 
co n d u c ted . T h e  slopes in  a n d  a ro u n d  th e  la rg e  c ra te rs  w e re  th e  m a in  fo cu s  o f  th e  in it ia l  
su rv e y s  b u t it  q u ick ly  b ecam e  a p p a re n t th a t  p u ta tiv e  p e rig lac ia l fe a tu re s  co u ld  o c c u r  in  
a n y  p a r t  o f  an  im age. T h u s  a m e th o d  fo r  se a rc h in g  im ag es a t fu ll re s o lu tio n  w a s  
d ev e lo p ed  in  w h ic h  e x a m in a tio n  s ta r te d  in  o n e  c o rn e r  o f  th e  im ag e  a n d  s y s te m a tic a lly  
w o rk e d  across an d  d o w n  f ro m  o n e  en d  to  th e  o th e r.
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W h e n e v e r  fe a tu re s  w ith  m o rp h o lo g ic a l s im ila r ity  to  p e rig lac ia l fe a tu re s  w ere  fo u n d , 
th e ir  p o s itio n s  w ere  m a rk e d  u s in g  G IS  sh ap e  files, a n d  v a r io u s  p a ra m e te rs  re la tin g  to  
th e  fe a tu re ’s c la ss if ic a tio n  w ere  e n te re d  in to  th e  d a tab ase . T h e  v a r ie ty  o f  fe a tu re s  lik e ly  
to  be fo u n d  h a d  b e e n  assessed  d u r in g  th e  co u rse  o f  a sm all p ilo t s tu d y  an d  a 
c la s s if ic a tio n  sch em e  fo r  each  la n d fo rm  ty p e  w as d eve loped .
T h e  la n d fo rm  ty p e s  reco rd ed  in  th e  su rv e y  are:
•  C la s tic  p a t te rn e d  g ro u n d
•  F ra c tu re  p o ly g o n s
•  L obate  h ill  slope  s tru c tu re s
•  S ca llo p ed  d e p re ss io n s
•  P itte d  g ro u n d
•  G u llie s
T y p e  ex a m p le s  fo r  th e se  fe a tu re s  a re  p re se n te d  in  F ig u res  6.9 th ro u g h  6.14
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< ( ) l>HiRISE: PS P _ 0 0 7 5 7 1 _ 2 4 9 0  AN—A
Credit: NASA/JPL/ University of Arizona V
F ig u re  6.9: F ra c tu re  P o ly g o n s  T y p e  ex am p le .
HiRISE E S P  025294 2415
Credit NASA/JPL/ University of Arizona
Figure 6.10: C lastic Polygons Type Exam ple
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oHiRISE: E SP _017626_2825
Credit: NASA/JPL/ University of Arizona I \  *
F ig u re  6.11: L oba te  H ill-s lo p e  F ea tu re s  T y p e  ex am p le .
HiRISE: E S P  016495  2240
Credit NASA/JPL/ University of Arizona
F ig u re  6.12: S ca llo p ed  D e p re ss io n  T y p e  E x am p le .
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HiRISE: P S P _ 0 0 9098_2140
Credit: NASA/JPL/ University of Arizona
F ig u re  6.13: P it te d  G ro u n d  T y p e  E x am p le .
 — —  y f j >
HiRISE E S P _ 0 2 5 7 16_2200 /
Credit: NASA/JPL/ University of Arizona V
Figure 6.14: C rater W all Gullies Type Example.
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F u r th e r  c la ss if ic a tio n  p a ra m e te rs  v a ried  fro m  o n e  la n d fo rm  ty p e  to  a n o th e r . F or 
e x a m p le  in  th e  case o f  f ra c tu re  p a tte rn s  it  w as  p e r t in e n t  to  assess w h e th e r  th e  p o ly g o n s  
w e re  la rg e  (~ io o m  ac ro ss) o r sm all (5-20111 ac ro ss), p a r t  o f  a re g u la r  p a tte rn , o r 
a p p e a rin g  as iso la ted  fea tu re s , w h e th e r  th e y  h ad  a re c til in e a r  o r  ra n d o m  o r th o g o n a l 
p o ly g o n a l p a tte rn , a n d  w h e th e r  th e y  w ere  h ig h  o r lo w  c e n tre d .
In  th e  case o f  so rted  p a tte rn e d  g ro u n d , p o te n tia l  fe a tu re s  w e re  su b d iv id ed  in to  
p o ly g o n a l n e ts , p o ss ib le  so rte d  s tr ip e s , a n d  ru b b le  p iles . A lso , th e  d eg ree  to  w h ic h  
so r tin g  w as  p re se n t w as assessed  u s in g  th e  fiv e  p o in t scale d esc rib ed  in  C h a p te r  Five. I t 
w as  d ec id ed  to  a ss ig n  a s im ila r  g ra d in g  to  o th e r  p o ssib le  p e rig lac ia l la n d fo rm s  su ch  as 
lo b a te  s tru c tu re s  a n d  sca lloped  d e p re ss io n s  to  re c o rd  th e  deg ree  to  w h ic h  th e y  
re se m b le d  th e  ty p e  ex am p le s  fo r  th e se  fea tu re s .
In  each  case a sem i q u a n ti ta t iv e  ra n k in g  w as c a rr ied  o u t u s in g  five  p o in t scale f ro m  
in d ic a tin g  h o w  re p re se n ta tiv e  th e  fe a tu re  w as fo r  its  c lass. G ra d e  o n e  fe a tu re s  w e re  th e  
le a s t re p re se n ta tiv e , w h ile  g rad e  fiv e  w e re  th e  m o s t. T h is  m e th o d o lo g y  w as  ap p lied  to  
a ll la n d fo rm s , a lth o u g h  in  each  case th e  a ttr ib u te s  b e in g  assessed  w e re  d if fe re n t. T h e  
d e f in i t io n  o f  th e se  p a ra m e te rs  w ill be  d iscu ssed  w h e re  th e y  are  re le v a n t to  th e  
c la s s if ic a tio n  o f  th e se  la n d fo rm s  in  C h a p te r  S ev en . In  g en e ra l th e y  c o n s is te d  o f  
a sse ss in g  fe a tu re s  su ch  as th e  sca lloped  edges o f  a d ep re ss io n , o r  th e  lo b a te  ap p earan ce  
o f  h ill-s lo p e  fe a tu re s  an d  assess in g  th e  e x te n t  to  w h ic h  th e se  fe a tu re s  w e re  p re se n t in  a 
g iv e n  e x am p le .
S o m e  o f  th e s e  fe a tu re s , su ch  as th e rm a l c o n tra c tio n  c rack  p o ly g o n s  an d  m a r tia n  gu llies, 
a re  n o t  s tr ic t ly  sp eak in g  p e rig lac ia l la n d fo rm s . H o w e v e r , th e y  are  u se fu l to  c o n s id e r as 
th e y  a re  la n d fo rm s  w h ic h  a re  o f te n  fo u n d  in  p ro x im ity  to  p e rig lac ia l fe a tu re s  in  
te r re s tr ia l  a n a lo g u e  e n v iro n m e n ts  (H a u b e r  e t al., 2011). F o r ex am p le , gu llies  a re  fo u n d  
in  p ro x im ity  to  so rted  p a tte rn e d  g ro u n d  in  th e  T in d a s to ll  s tu d y  a rea  d esc rib ed  in
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C h a p te r  F o u r. T h e  p re sen ce  o f  f ra c tu re  p o ly g o n s  a t a s ite  su g g es ts  th a t  th e re  is a la rge  
a m o u n t o f  g ro u n d  ice p re se n t w i th in  th e  soil, a n d  th a t  i t  is u n d e rg o in g  (o r  h a s  re c e n tly  
u n d e rg o n e )  th e rm a l cy c lin g , an d  p ro b a b ly  th a t  it  is also  b e in g  d eg rad ed  th ro u g h  
su b lim a tio n  p ro cesses  (e.g . L evy  e t al., 2010).
O th e r  fe a tu re s , su c h  as sca llo p ed  d e p re ss io n s  an d  lo b a te  s tru c tu re s , h a v e  d ire c t 
p e rig lac ia l an a lo g u es. H o w e v e r  it  r e m a in s  u n c e r ta in  w h e th e r  m a n y  o f  th e s e  fe a tu re s  a re  
p e rig lac ia l in  n a tu re  o r w h e th e r  th e y  a re  m o re  lik e ly  to  h a v e  d ev e lo p ed  th ro u g h  
a l te rn a tiv e  p ro cesses  (p o ss ib ly  ic e -re la ted , b u t  w i th o u t  th a w ). T h e  a n a ly s is  in  C h a p te r  
S e v e n  w ill be u sed  to  assess th e  ev id en ce  th a t  th e se  fe a tu re s  co u ld  h a v e  fo rm e d  as a 
re su lt  o f  th e  th a w in g  o f  g ro u n d  ice.
6.5.2 C o n te x t  S u rv e y
T h e  a im  o f  th e  c o n te x t su rv e y  w as p r im a r i ly  to  e x a m in e  th e  d is t r ib u t io n  o f  sca llo p ed  
d e p re ss io n s  an d  o th e r  la rg e  scale fe a tu re s  su c h  as ~ io o m -sc a le  f ra c tu re  p a t te rn s  a n d  
g u llies . T h e  m a in  su rv e y  fo llo w ed  th e  sam e  p ro c e d u re  as th e  H iR IS E  su rv e y , im a g e s  
w e re  e x a m in e d  o n  a case  b y  case b asis  a n d  th e  lo c a tio n s  o f  p o ss ib le  p e rig la c ia l fe a tu re s  
w e re  re co rd ed  u s in g  G IS  sh ap e  files. A re a s  w h e re  p e rig lac ia l a s se m b la g e s  o ccu rred , 
su c h  as th e  re g io n  o f  e x te n s iv e  p a tte rn e d  g ro u n d  a ro u n d  L o m o n o so v  C ra te r , w e re  th e n  
e x a m in e d  in  m o re  d e ta il u s in g  a ll av a ilab le  C T X  a n d  H iR IS E  im ag es . T h e  o r ig in a l 
in te n t io n  w as to  f in d  re g io n s  w h e re  g u llie s  a n d  sca llo p ed  d e p re ss io n s  o c c u rre d  in  c lose  
p ro x im ity  in  th e  C T X  d a ta . T h e se  co u ld  th e n  be e x a m in e d  a t H iR IS E  scale  to  see 
w h e th e r  sm a lle r  fe a tu re s  su ch  as so rte d  p a tte rn e d  g ro u n d  a n d  lo b a te  s tru c tu re s  a re  a lso  
fo u n d .
In  th is  w a y  th e  sea rch  fo r  p o ssib le  p e rig lac ia l a ssem b lag es  c an  be fo cu sed  o n  a reas  
k n o w n  to  c o n ta in  so m e p u ta tiv e  p e rig la c ia l la n d fo rm s . H o w e v e r , th e  tw o  m o s t 
p ro m in e n t scallop  an d  g u lly  a ssem b lag es  (d e ta ile d  in  C h a p te r  T e n )  b o th  lack ed
H iR IS E  co v erag e . T h is  m e th o d o lo g y  p ro v e d  m o re  su ccessfu l in  th e  area a ro u n d  
L o m o n o so v  C ra te r , w h e re  th e  b o u ld e r p a tc h e s  d e tec ted  in  th e  C T X  d a ta  f re q u e n tly  
o v e rla p p e d  w i th  H iR IS E  im ages.
A n o th e r  a im  o f  th is  s tu d y  w a s  to  p ro d u ce  a d a ta se t w h ic h  can  be co m p ared  w ith  th e  
d is tr ib u tio n s  o f  sca lloped  d e p re ss io n s  m a p p e d  in  U to p ia  P la n itia  b y  S e jo u rn e  e t al., 
(2011). C o m p a r in g  th e se  tw o  re g io n s  w o u ld  a llo w  a n  a s se ssm e n t o f  w h e th e r  sca lloped  
d e p re ss io n s  a re  as n u m e ro u s  o u ts id e  U to p ia  P la n itia  as th e y  are  in  th a t  area. I t  w o u ld  
a d d itio n a lly  h e lp  to  d e te rm in e  w h e th e r  U to p ia  P la n itia  is a n  u n u su a l re g io n  o f  th e  
n o r th e r n  p la in s , in  te rm s  o f  p e rig lac ia l a n d /o r  g ro u n d -ic e  p rocesses, o r  ju s t th e  best 
s tu d ie d  re g io n  to  date .
T h e  fe a tu re s  e x a m in e d  in  th is  su rv e y  in c lu d e :
•  B o u ld e r P a tc h e s
•  F ra c tu re  N e tw o rk s
•  S ca llo p ed  d ep re ss io n s
•  P it te d  g ro u n d
•  G u llie s
S o m e  fe a tu re s  th a t  w e re  th e  fo cu s o f  th e  H iR IS E  su rv e y  are  ex c lu d ed . T h e se  in c lu d e  
so rte d  p a tte rn e d  g ro u n d  an d  lo b a te  s tru c tu re s  w h ic h  a re  to o  sm all to  be re so lv ed  in  
C T X  im ag es . B o u ld e r p a tc h e s  are  in c lu d e d , s ince  m a n y  e x am p le s  o f  so rted  p a tte rn e d  
g ro u n d  o c c u rre d  w i th in  th e se  areas.
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6.6 O verview  o f  Following Chapters
T h e  seco n d  h a lf  o f  th e  th e s is  d esc rib es  th e  re su lts  o f  th is  su rv e y  a n d  u se  th e  d a ta  
co llec ted  to  assess th e  ev id en ce  fo r  a m a r t ia n  p e rig lac ia l e n v iro n m e n t.
C h a p te r  S e v e n  focuses o n  th e  re su lts  o f  th e  su rv ey s . T h e  d is tr ib u tio n  o f  c la s tic  
p a tte rn e d  g ro u n d , lo b a te  s tru c tu re s , sca lloped  d ep re ss io n s , g u llie s  a n d  f ra c tu re  p a tte rn s  
are  a ll d esc rib ed , an d  th e  lo c a tio n s  w h e re  m u ltip le  fe a tu re s  o c c u r in  c lose p ro x im ity  a re  
p re se n te d . T h e se  p o te n tia l  a ssem b lag es  p ro v id e  a s tro n g  lin e  o f  ev id e n c e  th a t  th e  
c o n s ti tu e n t  fe a tu re s  m ig h t h a v e  fo rm e d  th ro u g h  re la te d  p rocesses.
C h a p te r  E ig h t co m p are s  an d  c o n tra s ts  th e  re su lts  p re se n te d  in  C h a p te r  S e v e n  w i th  a 
v a r ie ty  o f  p a ra m e te rs  w h ic h  m ig h t  be ex p ec ted  to  c o n tro l th e i r  d is tr ib u tio n , th e  d a ta  
are  p lo tte d  a g a in s t th e  p re se n c e  o f  w a te r  e q u iv a le n t h y d ro g e n  to  sea rch  fo r  c o rre la tio n s , 
an d  th e ir  to p o g ra p h ic  an d  geo log ic  se tt in g  is e x a m in e d .
C h a p te r  N in e  th e n  fo cu ses  o n  c las tic  p a tte rn e d  g ro u n d . M a r t ia n  e x a m p le s  are  
co m p ared  to  th e  te r re s tr ia l  an a lo g u es  d e ta ile d  in  c h a p te r  fo u r. T h is  se c tio n  a im s  to  te s t  
w h e th e r  th e  m o rp h o lo g ie s  o f  th e  m a r t ia n  a n d  te r re s tr ia l  la n d fo rm s  a re  q u a n tif ia b ly  
s im ila r , w h ic h  m ig h t in d ic a te  th a t  th e y  h av e  fo rm e d  th ro u g h  s im ila r  p ro cesses .
I t  th e n  re v ie w s  sev e ra l a lte rn a te  h y p o th e se s  su ch  as th e  b o u ld e r  r a tc h e t in g  p ro cess  
su g g ested  b y  O r lo f f  e t al., (2011). I f  th e  m o rp h o lo g y  o f  th e se  fe a tu re s  can  be  s h o w n  to  
be c o n tro lle d  b y  th e  m o rp h o lo g y  o f  u n d e r ly in g  f ra c tu re  n e ts , th e n  it  w o u ld  p ro v id e  
s tro n g  e v id en ce  th a t  th e y  w ere  n o t  fo rm e d  th ro u g h  th e  sam e p ro cesse s  as so r te d  
p a tte rn e d  g ro u n d .
C h a p te r  T e n  th e n  fo cu ses  o n  sca lloped  d e p re ss io n s  in  m o re  d e ta il. I t  d isc u sse s  tw o  s ite s  
w i th  e x te n s iv e  f ie ld s  o f  sca lloped  d e p re ss io n s , a ro u n d  D a v ie s  a n d  L ag a rto  C ra te r s  in  
A c id a lia  P la n itia . T h e s e  s ite s  w ere  m a p p e d  as p a r t  o f  th e  C o n te x t  su rv e y  o f  th is  re g io n
a n d  a re  c la ss ified  u s in g  a m e th o d o lo g y  based  u p o n  th a t  o f  S e jo u rn e  e t al., (2011) and  
W a lla c e  (1948).
A ll o f  th e se  an a ly se s  a n d  case s tu d ies , a lo n g  w i th  th e  w o rk  d esc rib ed  in  C h a p te r  F ive 
b u ild  o n  th e  re su lts  d e sc rib ed  in  c h a p te r  seven , b u t  each  e x a m in e s  a su b se t o f  th e  
s u rv e y  d a ta  in  m o re  d e ta il u s in g  a d if fe re n t m e th o d o lo g y .
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7 Chapter Seven: The Distribution o f Possible 
Periglacial Landforms on the Martian Northern Plains
7.1 Introduction
T his chapter discusses the results o f the surveys outlined in C hapter Six. Results are 
broken down by landform . A ll o f the  following landform s were exam ined as part of the 
H iRISE survey, but only Gullies, Scalloped depressions and fracture patterns were 
visible in the lower resolution images used for the context survey. W here  applicable, 
context survey results are described directly after those from  the H iR ISE survey for 
ease o f comparison.
In  th e  fo llo w in g  sec tio n s  th e  d is tr ib u tio n  o f  each  o f  th e  la n d fo rm s  c a ta lo g u e d  in  th e se  
su rv e y s  w ill be d esc rib ed  an d  e x a m p le s  o f  su ch  fe a tu re s  p re se n te d . F in a lly  s e c tio n  7.7 
d e sc rib es  lo c a tio n s  w h e re  a ssem b lag es  o f  p o ss ib le  p e rig lac ia l la n d fo rm s  o c c u r  in  c lose 
p ro x im ity . In  C h a p te r  E ig h t th e se  re su lts  w ill be  c o m p a re d  to  v a r io u s  p a ra m e te rs  
w h ic h  m ig h t  c o n tro l th e ir  d is tr ib u tio n  an d  a re  d iscu ssed  w i th in  th e  c o n te x t  o f  o th e r  
s tu d ie s  in to  th e  d is tr ib u tio n  o f  p u ta tiv e  p e rig lac ia l fe a tu re s  o n  M a rs .
7.2 Distribution o f  possible sorted patterned ground
A s d esc rib ed  in  C h a p te r  F ive o n e  o f  th e  m o s t im p o r ta n t  s tra n d s  o f  th is  su rv e y  w a s  
asse ss in g  w h e th e r  o rg a n isa tio n  o ccu rs  in  th e  a r ra n g e m e n t o f  0.5-2 m  scale  b o u ld e rs  as 
h a s  b e e n  o b se rv ed  in  p rev io u s , m o re  re g io n a l s tu d ie s  (e.g . B a lm e e t al., 2009; G a lla g h e r  
e t al., 2011; J o h n s s o n  e t al., 2012). O n  E a rth , so r te d  p a tte rn e d  g ro u n d  is o n e  o f  th e  m o s t 
c h a ra c te r is tic  p e rig lac ia l la n d fo rm s . C o n s e q u e n tly , th e  id e n tif ic a t io n  o f  s im ila r  fe a tu re s  
o n  M a rs  m a y  p ro v id e  so m e o f  th e  b e s t c a n d id a te s  fo r  p e rig lac ia l lan d scap es .
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A  v a r ie ty  o f  s ites  w i th  possib le  so r ted  p a t te rn s  h av e  b een  fo u n d  across all th re e  s tu d y  
areas. T h e s e  fea tu re s  can  be g rouped  in to  severa l d if fe re n t  fe a tu re  ty p e s  su ch  as stripes, 
p o ly g o n s ,  ru b b le  piles an d  so r ted  lobes. C las t ic  s tr ipes  a n d  p o ly g o n s  are  described  in  
m o re  de ta i l  in  C h a p te r  Five. A ll  are desc r ibed  h e re in  excep t  for  so r ted  lobes w h ic h  are 
d e ta i led  in  S e c t io n  7.3.
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Credit: NASA/JPL/ University of Arizona
F ig u re  7.1: G ra d e  3-4 p o ly g o n a l p a t te rn e d  g ro u n d  in  n o r th e rn  A c id a lia  P la n itia
T h e  m o s t  c o m m o n  v a r ie ty  o f  c lastic  p a t te rn e d  g ro u n d  co ns is ts  o f  a p p a re n t ly  so r ted  
p o ly g o n s  w h e re  c lasts  are  a r ra n g e d  in to  a n e tw o r k  o f  bou ld e rs  s u r ro u n d in g  p a tc h e s  o f  
n o n  b o u ld e r - s t r e w n  g ro u n d .  T h e s e  n e tw o rk s  are f r e q u e n t ly  d is c o n t in u o u s ,  co n s is t in g  
o f  l ines  o r  a rcs  o f  c las ts  w h ic h  a p p ea r  to  be a l igned  in to  a po ly g o n a l  s t ru c tu re .  C h a p te r  
F ive de ta i ls  th e  c la ss if ica t ion  s y s te m  used  to  assess th e  degree  to  w h ic h  a n e tw o r k  o f  
a l ig n ed  c las ts  c o n fo rm s  to  a p o ly g o n a l  p a t te rn .  Average nearest neighbour analysis is used 
to  c o n f i rm  th a t  w h a t  ap p ea rs  to  be a p a t te rn  on  v isua l  in sp e c t io n  is s ig n if ican t ly  
d i f f e re n t  f ro m  a r a n d o m  a r r a n g e m e n t .
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F ig u re
I b t :  fc£>K _U U /O y/_Z :>,JU
dit: NASA/JPL/ University of Arizona V
7.2: P o ss ib le  so rted  s tr ip e s  in  A c id a lia  P la n itia . T h in  b a n d s  o f  h ig h  c la s t d e n s i ty  
a re  se p a ra ted  b y  n a r ro w  re g io n s  w i th  fe w e r  c lasts .
So r ted  s tr ipes  occu r  w h e re  a series o f  para lle l  lines  o f  c las ts  e x te n d  fo r  a s ig n i f ic a n t  
d is tan ce  in  o n e  d irec t io n .  T h e r e  w ere  fa r  fe w e r  ex a m p le s  o f  so r ted  s t r ip es  w i t h i n  th e  
areas  su rv ey ed  t h a n  so r ted  p o lygons .  A d d i t io n a l ly  t h e y  w ere  n o t  c o n c e n t r a te d  in  a n y  
one  su rv e y  area u n l ik e  so r ted  po ly g o n s ,  w h ic h  w ere  p r e d o m in a n t ly  fo u n d  in  th e  
A cida lia  P lan i t ia  s tu d y  area. S o r ted  s tr ipes  w o u ld  be ex p ec ted  to  occu r  o n  h ill  slopes. 
T h e re fo re  it is p ro b ab le  th a t  th e  g en e ra l ly  f la t  m o rp h o lo g y  o f  th e  n o r t h e r n  p la in s  
acco u n ts  fo r  th e i r  low  f re q u e n c y  o f  occurrence .
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F ig u re  7.3: E x a m p le  o f  R ubb le  p ile s  o n  sm a ll h u m m o c k s  w h ic h  m a y  be a h e a v ily  
d e g ra d e d  f ra c tu re  n e t. D is t in c t  c lu s te rs  o f  s to n es  are  sep a ra ted  b y  w id e  b a n d s  o f  less
s to n y  g ro u n d .
T h e  f ina l  c lass o f  c las tic  fea tu re s  are ru b b le  piles. T h e s e  consis t  o f  sm all  p iles o f  c lasts  
in te r sp e r se d  w i t h  large  areas  o f  re la t iv e ly  b o u ld e r  free  g ro u n d .  R ubb le  piles are 
re a so n a b ly  c o m m o n  at h ig h  n o r th e r n  la t i tu d es  b u t  occu r  fa r  less f r e q u e n t ly  f u r th e r  
so u th .
S ince  o n ly  th e  la rges t  c lasts  are above th e  re so lu t io n  o f  a H iR I S E  im ag e  (u su a l ly  25-50 
c m  p e r  p ix e l)  ev id en ce  o f  so r t in g  is o f te n  am b ig u o u s .  M a n y  fea tu re s  e x h ib i t  lines  o f  
a l ig n ed  b o u lde rs ,  so m e t im e s  co n v e rg in g  or in te rsec t in g ,  b u t  w i th  too  few  c lasts  to  fo rm  
a c o h e re n t  p o lygon .  A ll  poss ib le  e x a m p le s  w ere  assessed  u s in g  th e  sam e five p o in t  scale 
desc r ib ed  in  C h a p te r  Five (see F igure  5.7) to  d e te rm in e  w h ic h  w ere  m o s t  l ike ly  to  be 
ev id e n c e  o f  o rg a n isa t io n .  I t  has  also been  s h o w n  in  C h a p te r  Five th a t  b o u ld e r  p a t te rn s  
w h ic h  ap p e a r  o rg an ised  u p o n  v isua l in sp e c t io n  n o rm a l ly  do h av e  a n o n - r a n d o m  
a r r a n g e m e n t  o f  clasts. T h e  use o f  th e  average nearest neighbour analysis w as  re s tr ic te d  to
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a sm all  se lec tion  o f  sites, b u t  lends  c o n f id en ce  to  th e  o b se rv a t io n s  m a d e  in  th e  w id e r
su rvey .
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c) Arcadia Planitia
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F ig u re  7.4: L a titu d in a l d is tr ib u tio n  o f  so r te d  fe a tu re s  o n  th e  n o r th e rn  M a r t ia n  p la in s , a ) 
to ta l  o f  th e  o th e r  th re e  d a ta se ts , b )  A c id a lia  P la n itia , c ) A rc a d ia  P la n itia , d )  U to p ia  
P la n itia  T h e s e  d a ta  in d ic a te  th e  n u m b e r  o f  im ag es in  w h ic h  fe a tu re s  o ccu r r a th e r  th a n  
b e in g  n o rm a lis e d  b y  th e  to ta l  a rea  su rv ey ed .
A s  i l lu s t ra te d  in  F igure  7.4 o ccu rren ces  o f  so r ted  p o ly g o n s  c o n s is te n t ly  p eak  in  th e  6o- 
70°N  ran g e  in  all o f  th e  s tu d y  areas  excep t  U to p ia .  H e re  th e  peak  o ccu rren ce  is in  th e  
50 '6 o °N  range . R ubb le  p iles are g en era l ly  m o re  c o m m o n  in  th e  n o r th e r n  p a r ts  o f  th e
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s tu d y  areas, a l th o u g h  th e  la t i tu d e  at w h ic h  peak  occu rren ce  is f o u n d  varies . T h e r e  are 
too  few  e x a m p le s  o f  so r ted  s tr ipes  to  d ra w  d e f in i te  conc lus ions ,  b u t  th e y  also ap p e a r  to  
be s l ig h t ly  m o re  c o m m o n  at h ig h e r  la t i tudes .
F igure  7.5 p lo ts  th e  lo ca t io n s  o f  all fe a tu re s  fo u n d  w i th in  th e  H iR I S E  survey . It can  be 
seen  th a t  so r ted  fea tu re s  are m u c h  m o re  c o m m o n  in th e  A cida lia  s tu d y  area t h a n  in 
e i th e r  A rc a d ia  o r  U to p ia .  T h i s  is la rge ly  d u e  to  th e  h ig h  c o n c e n t r a t io n  o f  o rg an ised  
b o u ld e r  p a tch es  in  th e  re g io n  a ro u n d  L o m o n o so v  C ra te r ,  desc r ibed  in  C h a p te r  Five. 
U to p ia  P lan i t ia  h a s  th e  few es t  ex am p les ,  as v e ry  few  fea tu re s  are  fo u n d  a t lo w e r  
la t i tu d e s  in  th is  area.
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F ig u re  7.5: D is tr ib u tio n  o f  d if fe re n t  ty p e s  o f  so r te d  p a tte rn e d  g ro u n d  ac ro ss  th e  
n o r th e rn  p la in s . P o ly g o n s  a re  m o s t c o m m o n , w i th  m a n y  ru b b le  p ile s  a t  h ig h  n o r th e r n  
la ti tu d e s  an d  sev e ra l e x a m p le s  o f  p o ss ib le  so r te d  s tr ip e s  sc a tte re d  ac ro ss  th e  a reas
su rv e y e d .
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T h e  h ig h  c o n c e n tra tio n  o f  p o ssib le  so rte d  fe a tu re s  in  A c id a lia  P la n itia  m a y  in  p a r t  be 
d u e  to  th e  m o re  e x te n s iv e  su rv e y  c o n d u c te d  in  th is  area. A lth o u g h  so rted  s tru c tu re s  are 
be lo w  th e  re so lu tio n  o f  th e  C T X  im ag es  u sed  in  th e  c o n te x t su rv e y , th e  b o u ld e r 
p a tc h e s  in  w h ic h  th e y  f re q u e n tly  o ccu r cou ld  be d e tec ted . T h o se  w i th  H iR IS E  coverage  
cou ld  th e n  be e x a m in e d  a t h ig h e r  re so lu tio n  to  c o n firm  w h e th e r  o rg a n isa tio n  w as 
p re se n t, a llo w in g  a fa r  la rg e r n u m b e r  o f  H iR IS E  im ag es to  be su rv ey ed . T h is  
m e th o d o lo g y  sh o u ld  be u sed  in  fu tu re  s tu d ie s  o f  th is  so rt.
I t  is p o ssib le  th a t  so rte d  fe a tu re s  co u ld  o ccu r in  u n -sa m p le d  p a r ts  o f  th e  o th e r  s tu d y  
a reas, b u t are  n o t  re p re se n te d  in  th is  d a ta se t. M o re  re se a rc h  is re q u ire d  to  d e te rm in e  
w h e th e r  th e  area  a ro u n d  L o m o n o so v  C ra te r  is e x cep tio n a l, o r w h e th e r  it  is 
re p re se n ta tiv e  o f  o th e r  re g io n s  w h ic h  fe ll b e tw e e n  th e  im ag es  av a ilab le  fo r  th is  su rv ey .
T h e  L o m o n o so v  re g io n  h as  th e  h ig h e s t c o n c e n tra tio n  o f  p o ss ib le  so r tin g  sites. 51 sites 
acro ss  17 H iR IS E  im ag es  e x h ib it  so r tin g  o f  g rad e  th re e  o r  above, a n d  m o s t o f  th e  best 
ex a m p le s  f ro m  th e  e n tire  su rv e y  ca n  be fo u n d  in  th is  area  o f  A c id a lia  P la n itia . 
E lse w h e re  in  A c id a lia  P la n itia  21 p o ssib le  so rted  p a tte rn s  w e re  fo u n d , m o s tly  to  th e  
n o r th  o f  4 0°N , h o w e v e r  o n ly  sev en  o f  th e se  s ite s  w e re  g rad ed  ab o v e  th re e . A ll s ites  
g rad ed  fo u r  o r  h ig h e r  o ccu r n o r th  o f  5o°N  an d  are  m u c h  m o re  c o m m o n  in  th e  w e s te rn  
p a r t  o f  th e  s tu d y  a rea . R u b b le  p ile s  a re  p re d o m in a n tly  fo u n d  a t h ig h  la titu d e s  a lth o u g h  
on e  u n c e r ta in  fe a tu re  m a y  o c c u r  a t 43 °N . P o ssib le  s tr ip e s  are  fo u n d  b e tw e e n  35°N and  
70 °N .
In  A rc a d ia  P la n itia  p o ss ib le  so r te d  p o ly g o n s  a re  fo u n d  b e tw e e n  36°N  a n d  73°N , w ith  
th e  m a jo r ity  o f  fea tu re s , in c lu d in g  th e  h ig h e r  g rad ed  o n es , o c c u rrin g  above 55°N. S ix  
p o ss ib le  so r te d  s tr ip e s  w e re  o b se rv ed  w ith  large  scale s tr ip e s  lo ca ted  b e tw e e n  6 4 °N  an d  
37°N , an d  sm a lle r  s tr ip e s  a t 34°N . R u b b le  p iles are  fo u n d  b e tw e e n  54°N  a n d  73°N . T h is
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f i ts  w i th  th e  d i s t r ib u t io n  seen  in  A c ida lia  P lan i t ia  w h e re  rubb le  p iles a n d  h ig h e r  g raded  
sites  occu r  f u r th e r  n o r th  w i th  a few  low  grade  p o ly g o n s  f u r th e r  sou th .
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F ig u re  7.6: P o ss ib le  so rted  fe a tu re s  ra n k e d  u s in g  th e  fiv e  p o in t  g ra d in g  s y s te m
d esc rib ed  in  C h a p te r  F ive.
T h i s  t r e n d  is c o n f i rm e d  b y  th e  re su l ts  f r o m  th e  U to p ia  P la n i t ia  s tu d y  a rea  w h e re  a reas  
o f  possib le  so r t in g  o ccu r  b e tw e e n  4 0 °N  a n d  68°N , b u t  m os t ,  in c lu d in g  th e  h ig h e r  g rad ed  
sites, occu r  b e tw e e n  5o°N a n d  65°N. S o r te d  p o ly g o n s  are a lw ay s  f o u n d  m o s t  f r e q u e n t ly ,  
w i th  fe w e r  o ccu rren ces  o f  th e  o th e r  ty p es .  T h r e e  possib le  e x a m p le s  o f  so r ted  s t r ip es  
w ere  fo u n d  at 46, 57 an d  64°N , b u t  rubb le  piles w e re  ab sen t  f ro m  th is  s tu d y  a rea  e x cep t  
fo r  o n e  v e ry  u n c e r ta in  ex am p le .
S o m e  fea tu re s  w e re  o bse rved  w h ic h  did  n o t  e x h ib i t  a clastic  n e tw o r k  b u t  w h ic h  m ig h t  
n e v e r th e le s s  be ev id en ce  o f  these  processes .  In  th e se  loca t io n s  a se ries  o f  p o ly g o n a l
233
v a r ia t io n s  in  d a rk n e ss  are obse rved  as i l lu s t ra te d  in  f igure  7.7. T h e s e  s t ru c tu re s  lack 
large  clasts, a n d  so m a y  n o t  be re la ted  to  so r ted  s t ru c tu re s .  T h e y  do a p p ea r  s im ila r  to  
th e  a lbedo  v a r ia t io n s  th a t  ind ica te  th e  p resen ce  o f  sm all  scale p a t te rn e d  g ro u n d  in  som e 
te r re s t r ia l  r e m o te  sensing  im ages  s h o w n  in  C h a p te r  Four. For e x a m p le  th o se  i l lu s tra ted  
in  F igu res  4.13 an d  4.15. T h i s  m a y  suggest th a t ,  as w i th  th e  te r re s t r ia l  sites, so r t in g  is 
p re se n t  be low  th e  re so lu t io n  o f  th e  im age. W h e t h e r  th is  is an  e x a m p le  o f  p a t te rn e d  
g ro u n d  r e m a in s  h ig h ly  u n c e r ta in ,  w i th o u t  h ig h e r  r e so lu t io n  im ages  or  g ro u n d  t r u t h  it is 
im p o ss ib le  to  be ce r ta in  a n d  v e ry  few  such  sites w ere  observed .
HiRISE: PSP_001843_2115
Credit NASA/JPL/ University of Arizona
F ig u re  7.7: P o ss ib le  sm a ll scale p a tte rn e d  g ro u n d .
S o r te d  p a t t e r n s  could  n o t  be assessed  in  th e  su rv ey  o f  C T X  im ages  due  to  th e i r  sm all  
size. F io w e v e r  it w as  n o te d  th a t  m a n y  o f  th e se  fea tu res  occu r  w i th in  th e  b o u ld e r  ha loes  
d esc r ib ed  in  C h a p te r  Five. C o n s e q u e n t ly ,  it w as  dec ided  to  in v es t ig a te  th e  d is t r ib u t io n  
o f  th e se  b o u ld e r  c lu s te rs  in  C T X  im ages  on  th e  a s s u m p t io n  th a t  th e y  are an  
e n v i r o n m e n t  in  w h ic h  so r t in g  is o f te n  found . It  w as  fo u n d  th a t  th e y  w ere  la rgely
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u b iq u ito u s  in  th e  area  n o r th  o f  5o°N . S im ila r  fe a tu re s  m a y  o ccu r a t m o re  so u th e r ly  
la titu d e s , a lth o u g h  th e y  b eco m e  h a rd e r  to  d is tin g u is h  fro m  o th e r  d a rk  fe a tu re s  in  th e  
C T X  im ag es, su ch  as d a rk  s tre a k s  w h ic h  b eco m e m o re  c o m m o n  to  th e  so u th  o f  th e  
s tu d y  area.
S o rte d  p a tte rn s  are  n o t  c o m m o n  across m o s t th e  areas su rv ey ed , b u t  th e y  a re  p re se n t 
o v e r  a w id e r  area  th a n  p re v io u s ly  th o u g h t. M o s t p r io r  su rv e y s  w ere  re s tr ic te d  to  h ig h  
n o r th e rn  la titu d e s . B a lm e e t al., (2009) fo u n d  so rte d  p a tte rn s  a t e q u a to r ia l la ti tu d e s  b u t 
th is  w as  a n  u n u su a l case  sin ce  i t  o ccu rred  in  p ro x im ity  to  th e  A th a b a sc a  V a llis  w h e re  
w a te r  h a s  b e e n  in  a b u n d a n c e  in  th e  g eo lo g ica lly  re c e n t p a s t (M u r ra y  e t al., 2005). M o s t 
so u th e r ly  re g io n s  are  e x p e c te d  to  h a v e  m u c h  less g ro u n d  ice, p re c lu d in g  th e  easy  
fo rm a tio n  o f  p e rig lac ia l fe a tu re s .
T h e  re su lts  o f  th is  in v e s tig a tio n  in d ic a te  th a t  p o ssib le  so rte d  fe a tu re s  o c c u r  as fa r  so u th  
as 35°N, a lb e it w ith  a lo w e r c o n fid e n c e  th a n  m a n y  o f  th o se  s ite s  fo u n d  f u r th e r  to  th e  
n o r th . T h is  is o n  th e  edge o f  th e  re g io n  w h e re  g ro u n d  ice is e x p e c te d  to  be s tab le , so is 
p lau sib le .
T h e  b es t a n d  m o s t n u m e ro u s  e x a m p le s  o f  th is  te r ra in  are  fo u n d  in  th e  w e s te rn  p a r t  o f  
th e  A c id a lia  s tu d y  a rea , in  th e  v ic in ity  o f  L o m o n o so v  c ra te r . T h e re  is n o  c lea r re a so n  
w h y  th is  a rea  sh o u ld  h a v e  a h ig h e r  c o n c e n tra tio n  o f  p o ss ib ly  so rte d  s ite s . I n  th is  re g io n  
s o r tin g  is o f te n  fo u n d  w i th in  p a tc h e s  o f  b o u ld e rs  su ch  as th o se  sh o w n  in  C h a p te r  F ive . 
T h e se  fe a tu re s  a re  p a r tic u la r ly  p re v a le n t in  th e  re g io n  a ro u n d  L o m o n o so v  c ra te r , 
a lth o u g h  th e y  are  fo u n d  in  o th e r  p a r ts  o f  th is  s tu d y  a rea  as w e ll. M a n y  su c h  p a tc h e s  a re  
fo u n d  in  a n d  a ro u n d  b u rie d  im p a c t c ra te rs  so co u ld  be a re s u lt  o f  th e  b u ria l p ro cess .
I t  is lik e ly  th a t  so r tin g  o ccu rs  in  th e se  a reas  b ecau se  th e  h ig h e r  c o n c e n tra t io n  o f  la rg e  
b o u ld e rs  p ro d u c e s  a n  e n v iro n m e n t w h e re  so r tin g  p ro cesses  w ill h a v e  m o re  o f  a n  e ffe c t 
u p o n  th e  o v e ra ll m o rp h o lo g y  o f  th e  reg io n . In  lo c a tio n s  w h e re  la rg e  b o u ld e rs  a re  m o re
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scarce  th e n  th e  so rtin g  p ro cess  is less lik e ly  to  g e n e ra te  a d is tin c tiv e  p a t te rn  w h ic h  is 
v is ib le  in  H iR IS E  im ages.
B o u ld e r p a tc h e s  do n o t  seem  to  be as c o m m o n  in  th e  o th e r  reg io n s  e x a m in e d  in  th is  
s tu d y . M a n y  ex a m p le s  o f  so r tin g  in  U to p ia  an d  A rc a d ia  P la n itia e  do n o t  h av e  an  
asso c ia ted  p a tc h  o f  b o u ld e r s tre w n  g ro u n d . H o w e v e r  th e  su rv e y s  o f  th e se  re g io n s  w ere  
l im ite d  to  th e  H iR IS E  su rv ey , so n o  c o n tin u o u s  C T X  su rv e y  w as co n d u c te d . T h u s  it is 
p o ss ib le  th a t  so r tin g  w i th in  b o u ld e r p a tc h e s  does o ccu r in  th e se  reg io n s , ju s t  n o t  in  th e  
p a r ts  e x a m in e d  h e re . L oca tin g  b o u ld e r p a tc h e s  in  lo w e r re so lu tio n  d a ta se ts  su ch  as 
th o se  f ro m  th e  H ig h  R e so lu tio n  S te reo  C a m e ra  o n  th e  M a rs  E x p ress  sp acec ra ft w o u ld  
be a good  s ta r tin g  p o in t  in  id e n tify in g  o th e r  reg io n s  w h e re  so rted  p a tte rn e d  g ro u n d  
m ig h t  be as p re v a le n t as it  is a ro u n d  L o m o n o so v  C ra te r .
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Table 7.1: D istribu tion  o f sorted features across the  northern  plains
Acidalia 
Latitude Band 30-40 40-50 50-60 60-70 70-80
A rea Surveyed (km 2) 12186.2 6557.02 3159.49 2779-59 6866.38
N um ber o f H iR ISE  Im ages 50 52 34 22 55
Sorted Polygons 1 7 12 13 7
Rubble Piles 0 2 2 3 3
Sorted S tripes 0 1 3 3 11
0/0 o f H iR ISE  Im ages 
Sorted Polygons 2 13.46 35-29 59.09 12.73
Rubble Piles 0 3.85 5.88 13.64 5-45
Sorted S tripes 0 1.92 8.82 13.64 20.00
Utopia
Latitude Band 30-40 40-50 50-60 60-70
A rea Surveyed (km 2) 8219.16 4940.64 3071.29 3955
N u m b er o f H iR ISE  Im ages 38 38 26 24
Sorted Polygons 1 3 8 5
Rubble Piles 0 0 0 1
Sorted S tripes 0 1 1 1
0/0 o f H iR ISE  Im ages 
Sorted Polygons 2.00 5-77 23-53 22.73
Rubble Piles 0.00 0.00 0.00 4-55
Sorted Stripes 0.00 1.92 2.94 4-55
Arcadia 
Latitude Band 30-40 40-50 50-60 60-70 70-80
A rea Surveyed (km 2) 5188.19 3647.79 4100.88 2808.86 2364.71
N um ber o f H iR ISE  Im ages 40 34 46 39 16
Sorted Polygons 2 3 6 6 1
Rubble Piles 0 0 1 1 1
Sorted S tripes 2 1 2 2 0
% o f H iR ISE  Im ages 
Sorted Polygons 4.00 5-77 17.65 27.27 1.82
Rubble Piles 0.00 0.00 2.94 4-55 1.82
Sorted Stripes 4.00 1.92 5.88 9.09 0.00
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7*3 Distribution o f Lob ate H ill slope Features
Lobate  s t ru c tu re s  hav e  p re v io u s ly  been  o b se rved  o n  c ra te r  w alls  at h ig h  la t i tu d es  (e.g. 
G a l la g h e r  et al., 2011; J o h n s s o n  et al., 2012). T h e s e  fea tu res  could  be a n a lo g o u s  to  
so l i f lu c t io n  lobes w h ic h  are c o m m o n  in  perig lac ia l  e n v i r o n m e n ts  o n  E a r th  (M a tsu o k a ,  
2001). Severa l  sites w i th  p o te n t ia l  loba te  s t ru c tu re s  have  b een  fo u n d  in  th is  su rv ey ,  bu t 
m o s t  are  h ig h ly  u n c e r ta in .  T h e s e  fea tu re s  are e x t re m e ly  u n c o m m o n  an d  hav e  o n ly  been  
fo u n d  in  a few  iso la ted  locations.
G rade 1 
G rade 2 
G rade 3 
G rade 4 
G rade 5
F ig u re  7.8: D is tr ib u t io n  o f  p o ss ib le  lo b a te  s tru c tu re s  in  th e  H iR IS E  su rv ey s . G ra d e s  
b e tw e e n  1 a n d  5 in d ic a te  th e  d eg ree  o f  m o rp h o lo g ic a l s im ila r ity  to  so lif lu c tio n  fea tu re s .
F ig u re  7.8 s u m m a r is e s  th e  d is t r ib u t io n  o f  these  fea tu re s  b y  la t i tu d e ,  sh o w in g  the
lo c a t io n  o f  H iR I S E  im ag es  w h e re  loba te  s t ru c tu re s  are to  be fo u n d .  T h e r e  seem s to  be a
p e a k  in  occu rren ce  in  th e  6 o '7 0 °N  band . T h is  m a tc h e s  th e  p eak  occu rrence  o f  possib le
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Arcadia Planitia
Utopia P la n i t ia
■ '
so r ted  fea tu re s  as s h o w n  in  F igure  7.4. H o w e v e r  due  to  th e  sca rc i ty  o f  these  fea tu res ,  
a n d  p a r t ic u la r ly  o f  good e x am p les ,  th is  re su l t  sh o u ld  be t re a te d  w i th  cau t io n .
Latitudinal Distribution of Lobate Structure
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Utopia —a—Acidalia —a—Arcadia
F ig u re  7.9: L a titu d in a l d is tr ib u tio n  o f  lo b a te  s tru c tu re s  o n  th e  M a r t ia n  N o r th e r n  P la in s . 
T h e se  d a ta  in d ic a te  th e  n u m b e r  o f  im ag es  in  w h ic h  fe a tu re s  o c c u r  r a th e r  th a n  b e in g  
n o rm a lis e d  b y  th e  to ta l  a rea  su rv ey ed .
A c ida lia  P lan i t ia  h a s  th e  m o s t  p o te n t ia l  loba te  s t ru c tu re s  w i t h  n in e  s ites  across  f ive 
H iR I S E  im ages.  T h e  m a jo r i ty  are c lu s te red  a t  low  la t i tudes ,  b e lo w  50°N. S o m e  v e ry  
u n l ik e ly  s ites  are fo u n d  fu r th e r  n o r th ,  b u t  these  are less l ik e ly  to  be so l i f lu c t io n  
fea tu res .  O n e  site at 54°N appears  to  e x h ib i t  cu rv ed  b a n d s  o f  b o u ld e rs  o n  a h i l ls id e  a n d  
so could  be an  e x a m p le  o f  a c lastic  so l i f lu c t io n  lobe. T h e  m o s t  c o n v in c in g  e x a m p le s  
com e  f ro m  a ro c k y  c ra te r  a ro u n d  32°N w h e re  fo u r  a reas  o f  poss ib le  lo b a te  h i l ls id e  are 
fo u n d  w h ic h  re sem b le  so lif lu c t io n  lobes. T h e  loba te  s t ru c tu re s  s h o w n  in  F ig u re  7.10 are 
th e  h ig h e s t  g raded  o f  a n y  in  th e se  su rv ey s .  H o w e v e r  th e se  fe a tu re s  o c c u r  o n  a 
sh a l lo w e r  slope t h a n  w o u ld  be expec ted  fo r  te r re s t r ia l  loba te  s t ru c tu re s .
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HiRISE: ESPJ)16828_2120
| r >  ■
Credit: NASA/JPL/ University of Arizona
F ig u re  7.10: G ra d e  fiv e  lo b a te  fe a tu re s  o n  a h ills id e  in  th e  s o u th e rn  p a r t  o f  A c id a lia  
P la n itia . D o w n  slope  is to w a rd s  th e  b o tto m  left.
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HiRISE: E S P _016573_2475
Credit: NASA/JPL/ University of Arizona
F ig u re  7.11: c la s tic  lob es o n  th e  w a ll o f  a sm a ll im p a c t c ra te r  in  U to p ia  P la n itia . D o w n
slope  is to w a rd s  th e  b o tto m  le ft.
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A n o th e r  site  also  a ro u n d  32°N c o n ta in s  s im ila r  s tru c tu re s  a l th o u g h  th e se  a re  n o t  ra n k e d  
as h ig h ly . A  c ra te r  a t 42°N  fe a tu re s  w h a t co u ld  be ro u n d e d  lo b a te  s tru c tu re s  a m id s t 
h e a v ily  sca llo p ed  te r ra in  ju s t  o u ts id e  a la rg e  c ra te r . T h e  lo c a tio n  o f  th e s e  fe a tu re s  is 
su rp r is in g . P re v io u s  s tu d ie s  h a d  su g g ested  th a t  lo b a te  s tru c tu re s  w o u ld  be  l im ite d  to  
h ig h e r  la titu d e s . I f  th e se  fe a tu re s  a re  ev id en ce  o f  so lif lu c tio n  it  w o u ld  su g g e s t th a t  su ch  
p ro cesses  a re  v iab le  fa r  fu r th e r  so u th  th a n  p re v io u s ly  th o u g h t. U to p ia  P la n it ia  h a s  fo u r  
s ite s  w i th  p o ssib le  lo b a te  fea tu re s . T h e re  is n o  c lear t re n d  in  la t i tu d in a l  d is t r ib u t io n  as 
p o ss ib le  s ite s  are  fo u n d  a t la ti tu d e s  35, 46, 54 a n d  67°N .
T h e  s ite  il lu s tra te d  in  F ig u re  7.11 is th e  o n ly  o n e  in  th is  su rv e y  to  e x h ib it  c la s tic  lobes 
lik e  th o se  d esc rib ed  in  H e im d a l C ra te r  b y  G a lla g h e r  e t al., (2011). T h is  lo c a tio n  is a t a 
s im ila r  la ti tu d e  to  th o se  d esc rib ed  b y  th e  p re v io u s  s tu d y , as H e im d a l C ra te r  is  lo ca ted  
a t 6 8 °N  w h ile  th e se  fe a tu re s  are  a t 67°N . W h a t  m ig h t be s im ila r  c la s tic  fe a tu re s  a re  
fo u n d  a t 54°N  in  A c id a lia  b u t  th e y  a re  n o t  as c o n v in c in g  a n  ex a m p le . T h e  o th e r  th re e  
s ite s  in  th e  U to p ia  s tu d y  a reas  a re  n o t  s to n e  b a n k e d , a lth o u g h  o ne , sh o w n  in  F ig u re  7.13, 
is in  p ro x im ity  to  fe a tu re s  w h ic h  co u ld  b e  v e ry  th in  so rted  s tr ip e s .
In  A rc a d ia  P la n itia  th e re  are  fiv e  s ite s  w i th  p o ss ib le  lobes b e tw e e n  59 ° N  a n d  6 8 °N  a n d  
o n e  s ite  a t 38°N . O n ly  n o n -c la s tic  fe a tu re s  are  o b se rv ed  in  th is  a rea , a n d  fe w  o f  th e  
e x a m p le s  are  g rad ed  p a r tic u la r ly  h ig h ly .
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^  HiRISE: E SP _017534_2390 ^  V ^
Credit: NASA/JPL/ University of Arizona \  /
F igu re  7.12: P o ss ib le  lo b a te  s tru c tu re s  in  A rc a d ia  P la n itia .
HiRISE: ESP_016810_2260 
Credit: NASA/JPL/ University of Arizona
F ig u re  7.13: p o ss ib le  so lif lu c tio n  lobes in  p ro x im ity  to  th in  c la s tic  s tr ip e s  o n  th e  w a ll o f
a sm a ll im p a c t c ra te r  in  U to p ia  P la n itia .
In  su m m a ry , n o n -c la s tic  lobes a re  fo u n d  ac ro ss  a w id e  ra n g e  o f  la titu d e s , b u t  so m e  o f  
th e  b e s t e x a m p le s  a re  fo u n d  a t lo w e r la ti tu d e s . T h is  su g g es ts  th a t  th e se  fe a tu re s  are  
u n lik e ly  to  be lim ite d  to  th e  h ig h  la titu d e s . L obes are  fo u n d  in  a few  iso la ted  lo c a tio n s  
ac ro ss  th e  s tu d y  a reas, b u t  a re  n o t  fo u n d  fre q u e n tly  e n o u g h  to  in fe r  a n y  p a tte rn s  f ro m  
th e i r  d is tr ib u tio n . C la s tic  lobes are  o n ly  fo u n d  a t h ig h  la titu d e s , a l th o u g h  v e ry  few  
e x a m p le s  o f  th is  ty p e  h a v e  b e e n  fo u n d  so n o  re a l t r e n d  can  be d ra w n . L o b a te  s tru c tu re s  
are  to o  sm a ll to  be d is tin g u ish a b le  in  C T X  d a ta , so w e re  n o t  in c lu d e d  in  th e  c o n te x t  
su rv ey .
Table 7.2: Distribution of lobate structures across the northern plains
Acidalia
Latitude Band 30-40 40-50 50-60 60-70 70-80
A re a  S u rv e y e d  (k m 2) 12186.2 6557.02 3159.49 2779*59 6866.38
N u m b e r  o f  H iR IS E  Im ag es 50 52 34 22 55
N u m b e r  w ith  L obate  S tru c tu re s 2 1 1 1 2
% o f  H iR IS E  Im ag es 4 1.92 2.94 4*55 3.64
Utopia
Latitude Band 30-40 40-50 50-60 60-70
A re a  S u rv e y e d  (k m 2) 8219.16 4940.64 3071.29 3955
N u m b e r  o f  H iR IS E  Im ag es 38 38 26 24
N u m b e r  w i th  L obate  S tru c tu re s 1 1 1 1
% o f  H iR IS E  Im ag es 2.00 1.92 2.94 4*55
Arcadia
Latitude Band 30-40 40-50 50-60 60-70 70-80
A rea  S u rv e y e d  (k m 2) 5188.19 3647.79 4100.88 2808.86 2364.71
N u m b e r  o f  H iR IS E  Im ag es 40 34 46 39 16
N u m b e r  w ith  L obate  S tru c tu re s 1 0 1 3 0
% o f  H iR IS E  Im ag es 2.00 0.00 2.94 13.64 0.00
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7.4 Distribution o f Scalloped Depressions
S ca llo p ed  d e p re ss io n s  a re  c o m m o n  across th e  n o r th e rn  p la in s , p a r tic u la r ly  in  U to p ia  
P la n itia  (e .g . M o rg e n s te rn  e t al., 2007; S e jo u rn e  e t al., 2011). T h e se  fe a tu re s  co u ld  fo rm  
th ro u g h  th e  su b lim a tio n  o f  g ro u n d  ice an d  m a y  be an a lo g o u s  to  th e  th e rm o k a rs t  
d e p re ss io n s  fo u n d  o n  E a r th  (e.g . S oare  e t al., 2008).
Scalloped depressions were frequently  found during the H iRISE survey and so were 
m ade the focus of the context survey. Since these features are clearly discernible in 
C T X  images it was possible to map their d istribution over a far larger area using lower 
resolution data.
T h e se  fe a tu re s  h av e  b een  e x te n s iv e ly  s tu d ie d  in  th e  U to p ia  P la n itia  re g io n  (H a l t ig in  e t 
al., 2014; S e jo u rn e  e t al., 2011; S o are  e t al., 2008; U lr ic h  e t al., 2010). C o n se q u e n tly , it  w as 
d ec id ed  th a t  th e  c o n te x t su rv e y  sh o u ld  b e  u sed  to  p ro d u c e  a d a ta se t fo r  A c id a lia  
P la n itia  w h ic h  cou ld  be c o m p ared  w i th  th e  re su lts  o f  th e  p re v io u s  in v e s tig a tio n s . T h is  
c o u ld  be  u sed  to  d e te rm in e  w h e th e r  th e se  la n d fo rm s  w ere  m o re  c o m m o n  in  U to p ia , o r 
w h e th e r  th e y  w e re  s im ila r ly  d is tr ib u te d  in  b o th  reg io n s , b u t  th a t  m o re  s tu d ie s  h a d  
m e a n t  th a t  m o re  sca llops h a d  b e e n  id e n tif ie d  in  th e  U to p ia  B asin .
Scalloped depressions range from  fairly small structures w ith  reasonably circular 
m orphology to far m ore complicated terrains comprising m ultiple phases of scallop 
form ation. M ature structures merge and overlap creating the typical “scalloped 
m orphology”. In  m any places scalloped depressions appear to occur in proxim ity to 
patches o f heavily p itted or degraded ground. T his m ay represent an early stage of 
developm ent. As pits are form ed, sublim ation or m elting of the exposed ice is 
facilitated. T h is  allows an increasing am ount of degradation to occur. Pits w iden and 
coalesce form ing scalloped depressions.
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Credit: NASA/JPL7 University of Arizona
F ig u re  7.14: E x a m p le  o f  h e a v ily  d eg rad ed  te r ra in  in  A c id a lia  P la n itia  c o n ta in in g  
n u m e ro u s  w e ll-d ev e lo p ed  sca llo p ed  d e p re ss io n s .
T h e  scalloped d ep re ss io n s  s h o w n  in  F igure  7.14 sh o w  m u l t ip le  reg io n s  o f  d e g ra d a t io n
m e rg in g  to  fo rm  large  b as in s  w i th  e x te n s iv e  sca lloped  edges. T h e  f loors  o f  th e se  
d ep re ss io n s  are  covered  w i th  d e c a m e tre  scale f ra c tu re  n e tw o rk s  o f  th e  h ig h  c e n t re d  
v a r ie ty  desc r ibed  ear lie r  in  th is  ch ap te r .  T h e s e  fea tu re s  are c lass if ied  as be in g  m a tu r e  as 
m u l t ip le  phases  o f  d e v e lo p m e n t  a n d  coa lescence  can  be seen. T h e  c la ss i f ic a t io n  o f  
sca lloped d ep re ss io n s  w ill  be d iscussed  in  m o re  de ta i l  in  C h a p te r  T e n .
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HiRISE ESP_106828_2120 
Credit: NASA/JPL/ University of Arizona
F ig u re  7.15: H e a v ily  p itte d  g ro u n d  w h ic h  m a y  be a n  e a rly  stage  o f  th e  d e v e lo p m e n t o f
sca llo p ed  d ep re ss io n s .
T h e  m a jo r i ty  o f  fea tu res  fo u n d  d u r in g  th e  course  o f  th e se  su rv ey s  w ere  o f  th e  m o re  
m a tu r e  ty p e  d ep ic ted  in  F igure  7.14. Far fe w e r  y o u n g  scallops ap peared  to  be p re se n t  
w i t h i n  th e  areas  su rveyed . T h i s  suggests  th a t  these  e n v i r o n m e n ts  h av e  been  d ev e lop ing  
fo r  a long  t im e  an d  th a t  th e  f o rm a t io n  o f  scalloped d ep re ss io n s  is n o t  a recen t  
d e v e lo p m e n t .
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F ig u re  7.16: E x a m p le  o f  m u ltip le  sca llo p ed  d e p re ss io n s  in  U to p ia  P la n itia  d e v e lo p in g  a 
n e s te d  m o rp h o lo g y  as sm a lle r  d e p re ss io n s  e ro d e  th e  f lo o r o f  a la rg e r  b as in .
Scalloped  d ep re ss io n s  are u su a l ly  fo u n d  in  p r o x im i ty  to  c o n t r a c t io n  c rack  p o ly g o n s  o f  
th e  sort desc r ibed  in  sec tion  7.5. F rac tu re s  ty p ica l ly  superpose  sca lloped  d e p re s s io n s  an d  
o ccu p y  b o th  th e  in te r io rs  o f  th e  d ep re ss io n s  an d  th e  s u r ro u n d in g  p la in s ,  as can  be seen  
in  F igures  7.14 a n d  7.16.
7.4.1 Distribution o f scalloped depressions in the HiRISE Survey
Scalloped  d ep re ss io n s  w e re  fo u n d  to  be p re se n t  in  all o f  th e  s tu d y  areas. T h e y  w ere  
m o s t  n u m e r o u s  in  U to p ia  P lan i t ia  w h e re  132 sites w ere  fo u n d  across  36 H iR I S E  im ages ,  
r a n g in g  in  la t i tu d e  b e tw e e n  4 0 °N  a n d  67°N . S u ch  fea tu re s  o ccu r  in  24 im a g e s  in  th e  
A c ida lia  s tu d y  area ra n g in g  in  la t i tu d e  b e tw e e n  30°N an d  57°N. S ca lloped  d e p re s s io n s  
in  th is  reg io n  e x te n d  f u r th e r  to  th e  s o u th  th a n  in  th e  U to p ia  s tu d y  area, b u t  a re  n o t  
fo u n d  as fa r  n o r th .
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F ig u re  7.17: D is tr ib u tio n  o f  S ca llo p ed  D e p re ss io n s  o n  th e  N o r th e rn  M a r t ia n  P la in s . 
T h e s e  d a ta  in d ic a te  th e  n u m b e r  o f  im ag es  in  w h ic h  fe a tu re s  o ccu r r a th e r  th a n  b e in g  
n o rm a lis e d  b y  th e  to ta l  a rea  su rv ey ed .
F igu re  7.17 sh o w s  th a t  th e  peak  occu rren ce  o f  scalloped d ep re ss io n s  occurs  in  th e  40- 
5o ° N  b a n d  fo r  b o th  A cida lia  a n d  U to p ia  P lan it iae ,  b u t  is s l ig h t ly  f u r th e r  n o r th  in 
A rc a d ia  P lan i t ia .  O c c u r re n c e s  d rop  o f f  s teep ly  at h ig h e r  la t i tu d es  in  all th re e  s tu d y  
areas. T h e  h ig h es t  c o n c e n t r a t io n  o f  th e se  fea tu re s  is in  U to p ia  P lan it ia .  A l th o u g h  
sca lloped  d ep re ss io n s  are  fo u n d  in  b o th  A c ida lia  an d  A rcad ia  P lan it iae ,  th e y  are n o t  as 
n u m e ro u s .  H o w e v e r ,  m o re  fea tu re s  are fo u n d  in  th e  m o s t  so u th e r ly  la t i tu d e  b an d  in 
th e se  reg ions ,  w h e re a s  in  U to p ia  P la n i t ia  sca lloped  d ep re ss io n s  in  th e  3 0 '4 0 °N  b an d  are 
scarcer.
F igure  7.18 sh o w s  th e  geog raph ica l  d i s t r ib u t io n  o f  th e se  fea tu res .  In  th e  A rcad ia  P lan it ia  
s tu d y  area  sca lloped  d ep re ss io n s  are p r im a r i ly  fo u n d  b e tw e e n  37 an d  64°N . O n e  fea tu re  
a t 74°N  has  a s im i la r  a s y m m e tr ic  p ro f i le  an d  so could  be a h ea v i ly  in -f i l led  depress ion . 
T h e r e  are a to ta l  o f  37 fea tu res ,  across  27 H iR I S E  im ages.
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•  Scalloped Depressions 20 Eo°F ig u re  7.18: D is tr ib u tio n  o f  sca llo p ed  d e p re ss io n s  o n  th e  n o r th e r n  p la in s  o f  M a rs  f ro m
the H iR ISE Surveys.
It in i t ia l ly  appears  th a t  th e se  fea tu re s  are  m u c h  less w id e sp re a d  in  A c id a l ia  P lan i t ia ,  
w h e re  t h e y  seem  to  be co n f in ed  to  th e  reg ions  s o u th  o f  55 °N . E x a m in a t io n  o f  C T X  
im ages  o f  th e  n o r th e r n  p a r t  o f  th i s  re g io n  c o n f i rm e d  th a t  th is  w a s  due  to  a b ias in  th e  
ava ilab le  H iR I S E  im ages.  Sca lloped  d ep re ss io n s  in  A c id a l ia  P la n i t ia  do  co v e r  th e  sam e  
la t i tu d e  ran g e  as th o se  in  th e  o th e r  tw o  s tu d y  areas.
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Table 7.3: D istribu tion  o f scalloped depressions in  Acidalia Planitia.
A c id a lia  
L a titu d e  B an d 30-40 40-50 50-60 60-70 70-80
A re a  S u rv e y e d  (k m 2) 12186.2 6557.02 3159.49 2779-59 6866.38
N u m b e r  o f  H iR IS E  Im a g e s 50 52 34 22 55
N u m b e r  w i th  sca lloped  
d e p re ss io n s 9 13 5 0 0
% o f  H iR IS E  Im ag es 18 25.00 14.71 0.00 0.00
U to p ia
L a titu d e  B an d 30-40 40-50 50-60 60-70
A re a  S u rv e y e d  (k m 2) 8219.16 4940.64 3071.29 3955
N u m b e r  o f  H iR IS E  Im ag es 38 38 26 24
N u m b e r  w i th  sca lloped  
d e p re ss io n s 1 23 10 4
0/0 o f  H iR IS E  Im ag es 2.00 44-23 29.41 18.18
A rc a d ia  
L a titu d e  B an d 30-40 40-50 50-60 60-70 70-80
A re a  S u rv e y e d  (k m 2) 5188.19 3647.79 4100.88 2808.86 2364.71
N u m b e r  o f  H iR IS E  Im ag es 40 34 46 39 16
N u m b e r  w i th  sca lloped  
d e p re ss io n s 3 6 13 4 0
0/0 o f  H iR IS E  Im ag es 6.00 n -54 38.24 18.18 0.00
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7*4*2 D istribution o f  scalloped depressions in the C ontext Survey
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Figure 7.19: D istribution o f scalloped depressions and areas o f p itted  ground th a t m ay
be form ing them  in  the C ontex t survey.
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I t  is c lea r th a t  sca lloped  d e p re ss io n s  a re  m u c h  less c o m m o n  in  A c id a lia  P la n itia  th a n  
th e y  a re  in  U to p ia  P la n itia . T h is  w as fo u n d  to  be th e  case fo r  b o th  th e  C T X  an d  
H iR IS E  su rv e y s . T h e  m a in  d iffe re n c e  fo u n d  w as  in  th e  n o r th e rn  e x te n t  o f  sca lloped  
d e p re ss io n  te r ra in s . F ew  H iR IS E  im ag es n o r th  o f  55°N h ad  e x h ib ite d  th e se  la n d fo rm s , 
b u t  th e y  ap p eared  in  sev era l o f  th e  n o r th e r ly  C T X  im ag es. H o w e v e r , sca lloped  
d e p re ss io n s  in  th e  n o r th e rn  p a r t  o f  th e  s tu d y  area w e re  n o t  fo u n d  to  be as d is tin c t.
E x a m p le s  o f  p i t te d  g ro u n d  a re  l im ite d  to  th e  area  so u th  o f  50°N  a n d  it  is in  th is  re g io n  
th a t  sca llo p ed  d e p re ss io n s  are  a lso  m o s t c o m m o n . A ll o f  th e  fe a tu re s  m a rk e d  as 
sca llo p ed  d e p re ss io n s  w e re  g rad ed  u s in g  a s im ila r  m e th o d o lo g y  to  th a t  ap p lied  to  
e x a m p le s  o f  so rte d  p a tte rn e d  g ro u n d  a n d  so lif lu c tio n  lobes. G ra d e  fiv e  sca llops are  th e  
c le a re s t ex a m p le s , w ith  m o rp h o lo g ie s  m o s t s im ila r  to  ty p e  ex a m p le s  su ch  as th o se  
s h o w n  in  F ig u re  6.11. T h o se  o f  g rad e  o n e  a n d  tw o  are  o f  u n c e r ta in  o rig in . In  so m e cases 
th e  q u a lity  o f  th e  im ag e  p re v e n ts  fe a tu re s  f ro m  g e ttin g  a h ig h e r  g rade , in  o th e rs  th e re  
a re  m o rp h o lo g ic a l d iffe re n c es  th a t  cause  it  to  be g rad ed  lo w er. T h e se  fe a tu re s  h av e  
so m e  s im ila r it ie s  to  sca lloped  d e p re ss io n s  b u t  m a n y  are  f a in t  a n d  so h a rd  to  d is tin g u ish , 
o r  h a v e  a n  u n c le a r  e x te n t.  M a n y  lack  som e o f  th e  c h a ra c te r is tic  fe a tu re s  o f  a sca lloped  
d e p re ss io n  su c h  as a sy m m e tr ic  p ro file s  an d  b a n d s  o n  th e  f lo o r o f  th e  im age . G ra d in g s  
o f  a ll o f  th e se  fe a tu re s  is sh o w n  in  F ig u re  7.20.
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F ig u re  7.20: G ra d in g  o f  c o n te x t  su rv e y  re su lts  w i th  5 b e in g  th e  b e s t e x a m p le s  a n d  1 th e
w o rs t.
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I t  c an  be seen  th a t  th e  m a jo r ity  o f  h ig h ly  g rad ed  fe a tu re s  a re  fo u n d  w i th in  a few  
c lu s te rs  in  th e  35 '5o°N  b an d . M o s t o f  th e  w id e sp re a d  fe a tu re s  are  o f  lo w  grade, w h ile  
a lm o s t a ll o f  th o se  s ite s  w ith  g rad e  fo u r  a n d  above sca lloped  d e p re ss io n s  are  c lu s te re d  
a ro u n d  tw o  m e d iu m -s iz e d  im p a c t c ra te rs , L agarto  C ra te r  a t 49 °N  8 °W  an d  D a v ie s  
C ra te r  a t 4 6 °N  o°E. T h e se  c ra te rs  a re  good  e x am p le s  o f  p e rig lac ia l a ssem b lag es as th e y  
c o n ta in  n u m e ro u s  sca lloped  d e p re ss io n s  in  c lose  p ro x im ity  to  c ra te r  w a ll g u llies . T h e y  
w ill be  e x a m in e d  in  m o re  d e ta il in  C h a p te r  T e n .
T h e  re la tiv e  sc a rc ity  o f  sca lloped  d e p re ss io n s  in  th is  re g io n  se ts  A c id a lia  a p a r t f ro m  
U to p ia  P la n itia . T h e  p ro cesses  th a t  fo rm  scallo p ed  d e p re ss io n s  are  c lea rly  a t w o rk  here , 
b u t n o t  as e x te n s iv e ly  o r  o v e r  as w id e  an  area . I t  is im p o r ta n t  to  n o te  h o w e v e r  th a t  o n ly  
a re la tiv e ly  n a r ro w  s w a th  o f  th e  area  h as  b e e n  e x a m in e d . A c id a lia  P la n itia  co v ers  an  
area  o f  m o re  th a n  10,000 sq u a re  k ilo m e tre s , m u c h  o f  w h ic h  cou ld  n o t  be e x a m in e d  in  
th is  su rv ey .
7.5 Distribution o f  fracture polygons
F ra c tu re s  a re  u b iq u ito u s  acro ss  all p a r ts  o f  th e  th re e  s tu d y  areas, c o n f irm in g  th a t  
th e rm a l c o n tra c tio n  c rack in g  is an  im p o r ta n t  p ro cess  in  sh a p in g  th e  su rface  
e n v iro n m e n t o f  th e  N o r th e rn  P la in s . T h e se  are  th e  m o s t n u m e ro u s  an d  w id e sp re a d  o f  
th e  la n d fo rm s  c o n s id e re d  h e re . M a n y  o f  th e  su rv ey ed  H iR IS E  im ag es  c o n ta in  a t leas t 
so m e f ra c tu re  p a tte rn s . F ra c tu re s  o n ly  b eco m e less p re v a le n t be lo w  4 0 °N . T h is  is th e  
re g io n  w h e re  lin e a te d  v a lle y  f ill (L V F ) beco m es m o re  c o m m o n  across m a n y  o f  th e  
a reas  e x a m in e d . F ra c tu r in g  does n o t  ap p e a r to  o ccu r in  a reas  w ith  e x te n s iv e  L V F, 
p o ss ib ly  su g g es tin g  th a t  th e  m a te r ia ls  m a k in g  u p  th e  L V F  do  n o t  u n d e rg o  th e  sam e 
f ra c tu r in g  p ro cess  as th e  sm o o th e r  icy  g ro u n d  fo u n d  fu r th e r  to  th e  n o r th , o r th a t  th e y  
su p e rp o se  th e  f ra c tu re d  g ro u n d  o b sc u rin g  th e  p a tte rn s .
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j.5.1 F ra c tu re  M o rp h o lo g y
V a rio u s  p ro cesses  re s u lt  in  th e  fo rm a tio n  o f  f ra c tu re  p a tte rn s  in c lu d in g  c o o lin g  o f  lav as  
o r d e s ic c a tio n  c rack in g . C o n se q u e n tly , n o t  a ll o f  th e  f ra c tu re s  o n  th e  m a r t ia n  su rface  
are  in d ic a tiv e  o f  g ro u n d  ice. T h e  s o u th e rn  p a r t  o f  th e se  s tu d y  a reas  c o n ta in s  m a n y  la rg e  
iso la ted  fra c tu re s , u su a lly  o n  a scale o f  sev e ra l h u n d re d  m e tre s  in  le n g th . T h e s e  are  
u n lik e ly  to  h a v e  fo rm e d  th ro u g h  m o d if ic a tio n  o f  ic e -r ic h  m a te r ia ls  b y  p e rig lac ia l 
p ro cesses  a n d  so a re  n o t  as re le v a n t to  th is  in v e s tig a tio n  as o th e r  v a rie tie s .
O f  m o re  in te re s t  a re  w e ll-d e f in e d  p o ly g o n  n e tw o rk s  w h ic h  o c c u r ac ro ss  a ra n g e  o f  
scales. ‘L arge sca le ’ p o ly g o n s  can  be  sev e ra l h u n d re d  m e tre s  across a n d  a re  c o m m o n  
acro ss  a ll th re e  s tu d y  a reas. T h e se  are  f re q u e n tly  fo u n d  w i th in  c ra te r  in te r io r s  w h e re  
th e  m o rp h o lo g y  o f  th e  n e tw o rk  ap p e a rs  to  be c o n tro lle d  b y  th e  c o n s tra in in g  c ra te r . In  
a d d itio n , sm a lle r  p o ly g o n  n e ts , each  p o ly g o n  b e in g  sev era l te n s  o f  m e tre s  ac ro ss , a re  
a lso  c o m m o n , so m e tim e  o c c u rr in g  a lo n g sid e  th e  la rg e r f ra c tu re  p o ly g o n s  a n d  
so m e tim e s  in d e p e n d e n tly  o f  th e m .
T h e s e  s tru c tu re s  o f te n  ap p e a r to  be filled  w i th  a h ig h  a lbedo  m a te r ia l  w h ic h  m a y  be  ice 
o r  se d im e n t. T h is  p o ss ib ly  su g g ests  th a t  ice a n d  san d  w ed g e  p o ly g o n s  a re  p re s e n t  in  
so m e in s ta n c e s ; p ro v id in g  a n o th e r  s tra n d  o f  e v id e n c e  to  in d ic a te  th a t  th e y  a re  fo rm e d  
in  ic e -r ic h  g ro u n d . T h e se  f ra c tu re  n e tw o rk s , a t b o th  d e c im e tre  a n d  h u n d re d  m e tre  
scales, fa ll in to  sev era l o f  th e  b ro ad  ca te g o rie s  o f  n e tw o rk  m o rp h o lo g y  d e f in e d  b y  
M a n g o ld  (2005).
S o m e fra c tu re  n e tw o rk s  e x h ib it  a re c til in e a r  g e o m e try  w h e re  fra c tu re s  u su a lly  in te r s e c t  
a t r ig h t  an g les  w h ile  o th e rs  fo rm  h e x a g o n a l p a tte rn s  o r ra n d o m  o r th o g o n a l  
a r ra n g e m e n ts  w h ic h  can  h a v e  a ra n g e  o f  c o rn e r  an g les . H e x a g o n a l p o ly g o n s  o f te n  o c c u r  
as p a r t  o f  a la rg e r  ra n d o m  o rth o g o n a l n e tw o rk . N e tw o rk s  m a d e  u p  e n t i r e ly  o f  
h e x a g o n a l f ra c tu re s  w e re  fo u n d  to  be v e ry  ra re , w h e re a s  m a n y  o f  th e  r a n d o m
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o r th o g o n a l  n e tw o rk s  h ad  at least a sm all  h e x a g o n a l  c o m p o n e n t .  S ince  th e  d o m in a n t  
c o m p o n e n t  o f  th e  n e tw o rk  is reco rd ed  r a th e r  t h a n  th e  v a r ia t io n s  in  f rac tu re  g e o m e try  
w i t h i n  th e  im age  be ing  m a p p e d  th e  h e x a g o n a l  class is n o t  used  in  th i s  d iscuss ion .
In  m a n y  cases sets o f  n e s te d  f rac tu re s  are fo u n d  w h e re  tw o  or m o re  f rac tu re  n e ts  fo rm  
o n  m o re  t h a n  one  scale. For  ex am p le ,  a f ine  m e s h  o f  re a so n a b ly  reg u la r  f rac tu re s  a few  
m e t r e s  to  te n  m e tre s  across  can  be enc losed  w i th in  a la rger  n e t  o f  w id e r  an d  deeper  
tro u g h s ,  som e  o f  w h ic h  w il l  be up  to  10 m e tre s  w ide . T h e se  la rge r  scale t ro u g h s  fo rm  
p o ly g o n s  o n  a scale o f  100 m e tre s .
*
HiRISE: P S P _007571_2490
Credit: NASA/JPL/ University of Arizona
F ig u re  7.21: R a n d o m  O rth o g o n a l  an d  R e c tilin e a r  f ra c tu re  n e ts  o n  d if fe re n t scales. S m a ll 
m e tre  scale f ra c tu re s  w i th  a v a r ie ty  o f  r a n d o m  o rth o g o n a l a n d  re c ti l in e a r  p a t te rn s  are  
n e s te d  w i th in  m u c h  la rg e r p re d o m in a n tly  re c ti l in e a r  f ra c tu re s .
F ra c tu re  p o ly g o n s  can  also be ca tego rised  as e i th e r  h ig h  or lo w -c e n tre d .  H ig h  cen tred
p o ly g o n s  co n s is t  o f  a ra ised  c e n t re  s u r ro u n d e d  by  o p en  f rac tu re s  or  t r o u g h s  o f  v a ry in g  
w i d t h  an d  d e p th .  T h e s e  seem  to  be m o re  c o m m o n  t h a n  low  ce n tre d  p o ly g o n s  in  w h ic h  
a re g io n  o f  flat g ro u n d  is s u r ro u n d e d  b y  a ridge. L o w -c e n tre d  p o ly g o n s  m a y  be
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ana lo g o u s  w i th  th e  lo w -c e n tre d  san d  an d  ice w ed g e  p o ly g o n s  fo u n d  in  te r re s tr ia l  cold 
c l im a te  e n v i r o n m e n t s  such  as th e  A n ta rc t ic  D r y  V a lleys .  A re a s  o f  h ig h -c e n tre d  
p o ly g o n s  are  so m e t im e s  o b se rved  to  g rade  in to  fie lds o f  h u m m o c k s  w h e re  f rac tu re s  are 
n o  lo n g e r  e v id en t .
F rac tu re  p a t te rn s  f r e q u e n t ly  occu r  in  p r o x im i ty  to  o th e r  p u ta t iv e  perig lac ia l  fea tu res .  
M a n y  gullies are fo u n d  o n  or n e a r  f ra c tu re d  te r r a in  an d  in  so m e  areas  c lastic  n e ts  w h ic h  
m a y  be ex a m p le s  o f  so r ted  p a t te rn e d  g ro u n d  also su p e rp o se  f ra c tu re  ne ts .  It  has  been  
p ro p o sed  ( O r lo f f  e t  al., 2011, 2013) th a t  th e se  c lastic  n e ts  could  be th e  re su l t  o f  
m o v e m e n t  o f  b o u ld e rs  by  th e  o p e n in g  an d  c lo s ing  o f  f rac tu re  p o lygons .  C o n s e q u e n t ly ,  
th e  data  p re se n te d  h e re  w ere  used  to  d e te rm in e  w h a t  p r o p o r t io n  o f  possib le  so r ted  n e ts  
o verlie  f ra c tu re  p o ly g o n s  (F ig u re  7.22). T h i s  s tu d y  w ill  be  p re se n te d  in  de ta i l  in 
C h a p te r  N in e .
100 m
HiRISE PS P _007738_2480
Credit: NASA/JPL/ University of Arizona
F ig u re  7.22: L ines o f  B o u ld e rs  fo llo w  a h ig h  a lb ed o  f ra c tu re  n e t  in  n o r th e r n  U to p ia
P la n itia
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F ra c tu re  n e ts  o ccu r b o th  in  th e  re g io n a l icy  m a n tle  an d , m o re  ra re ly , o n  to p  o f  d u n es. 
T h e se  d u n e - to p  fra c tu re s  a lw a y s  h av e  th e  ra n d o m  o rth o g o n a l m o rp h o lo g y  a n d  o n ly  
o ccu r a t a s in g le  scale, b e in g  a ro u n d  10 m e tre s  across. T h is  is p o ss ib ly  becau se  th e  
lim ite d  size  o f  th e  area  o n  w h ic h  th e y  fo rm  p re v e n ts  th e m  fro m  w id e n in g  o v e r tim e .
F ig u re  7.25 sh o w s th e  d is tr ib u tio n  o f  b o th  large  a n d  sm all f ra c tu re  p a t te rn s  w i th in  th e  
a rea  co v ered  b y  th e  c o n te x t su rv ey . F ig u re s  7.23 an d  7.24 sh o w  th e  d is tr ib u tio n  o f  
fra c tu re  p a tte rn s  o b se rv ed  in  th e  th re e  H iR IS E  S u rv ey s .
T h e  fo rm a tio n  o f  f ra c tu re  n e ts  does n o t  n e c e ssa rily  re q u ire  th e  th a w in g  o f  liq u id  w a te r  
(a lth o u g h  th e  fo rm a tio n  o f  ice w ed g es do es). I f  th e  m a r t ia n  p o ly g o n a l f ra c tu re  fe a tu re s  
do  n o t  c o n ta in  ice w ed g es  th e n  th e y  m a y  w e ll be th e  re su lt  o f  d ry  p ro cesses  r a th e r  th a n  
b e in g  in d ic a tiv e  o f  a p e rig lac ia l e n v iro n m e n t. I n  th e  te r re s tr ia l  A n ta rc t ic  f ra c tu re s  are 
k n o w n  to  fo rm  th ro u g h  a c o m b in a tio n  o f  th e rm a l c o n tra c tio n  a n d  su b lim a tio n  
p ro cesses . T h is  is th e  m o s t lik e ly  p ro cess  to  e x p la in  th e i r  o ccu rren ce  o n  M ars . W ith o u t  
g ro u n d  t r u th  it  is im p o ss ib le  to  d e te rm in e  w h e th e r  ice w ed g es a re  fo rm in g  w i th in  a 
m a r t ia n  f ra c tu re  n e t.
T h e  o n ly  in  s itu  o b se rv a tio n s  o f  th e se  fe a tu re s  com e f ro m  th e  P h o e n ix  L ander, w h ic h  
p e rfo rm e d  sev e ra l e x c a v a tio n s  in  a re g io n  d o m in a te d  b y  d eg rad ed  f ra c tu re  p o ly g o n s. 
E xcess g ro u n d  ice w as  fo u n d  in  so m e o f  th e se  (M e llo n  e t al., 2009), su g g estin g  th a t  
th e se  s tru c tu re s  m o s t lik e ly  fo rm e d  th ro u g h  th e rm a l c o n tra c tio n  c rack in g  o f  a n  ic e -ric h  
soil. H o w e v e r , P h o e n ix ’s o b se rv a tio n s  do  n o t  c o n f irm  th e  p resen ce  o r ab sen ce  o f  ice 
a n d  san d  w ed g es  w i th in  d e v e lo p in g  fra c tu re  n e ts . S in ce  it  w as a s ta t io n a ry  lan d er, 
o b se rv a tio n s  w e re  o n ly  m a d e  o f  a v e ry  sm a ll a rea  o f  th e  n o r th e rn  p la in s . T h e  P h o e n ix  
la n d in g  s ite  is lo ca ted  in  a re g io n  o f  th e  V a s tita s  B orea lis  th a t  w as n o t  co v ered  b y  th is  
su rv e y , h o w e v e r  th e  fe a tu re s  it  e x a m in e d  a re  re p re se n ta tiv e  o f  th e ir  ty p e .
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7*5-2 F ra c tu re  P o ly g o n  D is tr ib u t io n s  in  th e  H iR IS E  S u rv e y s
F ra c tu re  p o ly g o n s  o c c u r across a ll a reas  su rv e y e d  in  th is  s tu d y , F ig u re  7.23 su m m a rise s  
th e ir  la t i tu d in a l  d is tr ib u tio n . T h e y  a re  g e n e ra lly  m o re  c o m m o n  a t h ig h  la titu d e s , 
re a c h in g  a p e a k  a t 6o-70°N . F ew er f ra c tu re s  are  fo u n d  in  th e  70 -8o°N  b an d . In  th e  
A c id a lia  a n d  U to p ia  s tu d y  a reas  a ll f ra c tu re  m o rp h o lo g ie s  p eak ed  a t 60-70 °N . H o w e v e r  
in  A rc a d ia  P la n itia  re c ti l in e a r  f ra c tu re  n e tw o rk s  a re  fo u n d  to  be  m o re  c o m m o n  in  th e  
n o r th e rn  p a r t  o f  th e  s tu d y  area, w h e re a s  th e  ra n d o m  o r th o g o n a l p o ly g o n s  a re  c o m m o n  
a t a w id e r  ra n g e  o f  la titu d e s . T h e  ab sen ce  o f  d a ta  in  th e  n o r th e rn  m o s t b a n d  o f  th e  
U to p ia  su rv e y  m e a n s  th a t  it is im p o ss ib le  to  c o n f irm  th a t  f ra c tu re  o c c u rre n ce  p eak s  a t 
60-70. H o w e v e r  th is  seem s lik e ly  g ive  th e  tr e n d  in  th e  o th e r  tw o  s tu d y  areas.
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C) Arcadia
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F ig u re  7.23: D is tr ib u tio n  o f  F ra c tu re  N e tw o rk s  o n  th e  M a r t ia n  N o r th e r n  P la in s  f ro m  
H iR IS E  im ag es. A )  T o ta l  o f  th e  th re e  d a ta se ts , B) A c id a lia  P la n itia , C )  A rc a d ia  
P la n itia , D ) U to p ia  P la n itia . T h e s e  d a ta  in d ic a te  th e  n u m b e r  o f  im a g e s  in  w h ic h  
fe a tu re s  o ccu r r a th e r  th a n  b e in g  n o rm a lis e d  b y  th e  to ta l  a rea  su rv e y e d .
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F ig u re  7.24: D is tr ib u tio n  o f  re c ti l in e a r  an d  ra n d o m  o rth o g o n a l f ra c tu re  p a tte rn s  fo u n d
in H iRISE images.
A s  can  be seem  f ro m  F igu re  7.24 r a n d o m  o r th o g o n a l  p a t te rn s  are fa r  m o re  p re v a le n t  
t h a n  re c t i l in e a r  ones. R ec t i l in ea r  s t ru c tu re s  are m o s t  c o m m o n  in  th e  n o r th e r n  p a r ts  o f  
th e  U to p ia  a n d  A rc a d ia  s tu d y  areas. T h e y  are fo u n d  across  th e  e a s te rn  p a r t  o f  the  
A c id a l ia  s tu d y  area b u t  n o t  in  th e  c en tra l  to  w e s te rn  pa r t .  R a n d o m  o r th o g o n a l  p a t te rn s  
are  fo u n d  in  ro u g h ly  equa l  n u m b e r s  in  all areas  o f  th e  H iR IS E  su rv e y  e x cep t  fo r  those  
co v ered  b y  l in ea ted  v a lley  fill such  as th e  s o u th e rn  p a r t  o f  A c ida lia  P lan it ia .
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Table 7.4: D istribution o f fracture patterns in  Acidalia Planitia.
Acidalia 
Latitude Band 30-40 40-50 50-60 60-70 70-80
A rea Su rveyed  (k m 2) 12186.2 6557.02 3159.49 2779-59 6866.38
N u m b er  o f  H iR IS E  Im ages 50 52 34 22 55
R andom  O rth ogonal 11 22 24 26 27
R ectilinear 7 8 6 2 5
H ig h  C entred 12 20 22 21 21
Low  C entred 2 8 5 9 11
%  o f  H iR IS E  Im ages  
R andom  O rth ogonal 22 42.31 70.59 118.18 49.09
R ectilinear 14 15.38 17.65 9.09 9.09
H ig h  C entred 24 38.46 64.71 95-45 38.18
Low  C entred 4 15.38 14.71 40.91 20.00
Utopia
Latitude Band 30-40 40-50 50-60 60-70
A rea Surveyed  (k m 2) 8219.16 4940.64 3071.29 3955
N u m b er o f  H iR ISE  Im ages 38 38 26 24
R andom  O rth ogonal 4 24 21 21
R ectilinear 2 4 2 9
H ig h  C entred 4 25 15 17
Low C entred 1 2 6 12
0/0 o f  H iR IS E  Im ages  
R andom  O rth ogonal 8.00 46.15 61.76 95-45
R ectilinear 4.00 7.69 5.88 40.91
H ig h  C entred 8.00 48.08 44.12 77-27
Low  C entred 2.00 3.85 17.65 54-55
Arcadia 
Latitude Band 30-40 40-50 50-60 60-70 70-80
A rea Surveyed  (k m 2) 5188.19 3647.79 4100.88 2808.86 2364.71
N u m b er  o f  H iR IS E  Im ages 40 34 46 39 16
R andom  O rth ogonal 24 24 27 22 5
R ectilinear 2 1 1 9 1
H ig h  C entred 19 25 22 17 2
Low C entred 6 2 11 8 0
% o f  H iR IS E  Im ages  
R andom  O rthogonal 48.00 46.15 79.41 100.00 9.09
R ectilinear 4.00 1.92 2.94 40.91 1.82
H ig h  C entred 38.00 48.08 64.71 77-27 3.64
Low  C entred 12.00 3.85 32.35 36.36 0.00
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7«5*3 D istribution of fractures in the C T X  survey
T h e  la rg e  scale p o ly g o n s  w i th  d ia m e te rs  o f  a h u n d re d  m e tre s  o r m o re  a re  m o s t 
c o m m o n  a t lo w e r  la titu d e s  b e lo w  57°N . T h e y  are  co m p arab le  w i th  fe a tu re s  in  U to p ia  
P la n itia  w h ic h  are  o f te n  fo u n d  in  c o n ju n c tio n  w i th  sca lloped  d e p re ss io n s . E x a m p le s  in  
U to p ia  f re q u e n tly  e x h ib it  p o ly g o n  ju n c tio n  p its , sm a ll b u t  d is tin c t d ep re ss io n s  w h ic h  
c an  fo rm  w h e re  sev era l f ra c tu re s  m ee t. T h e se  o ccu r due  to  in c reased  su b lim a tio n  a t th e  
ju n c tio n s  o f  p o ly g o n s , s in ce  m o re  su rface  area  is ex p o sed  a t th e se  lo ca tio n s  (S e jo u rn e  e t 
al., 2010). H o w e v e r  p o ly g o n  ju n c tio n  p its  h av e  n o t  b een  o b se rv ed  in  th is  area. I r re g u la r  
fra c tu re s , la rg e  scale fe a tu re s  w h ic h  do n o t  fo rm  p o ly g o n s , a re  fo u n d  acro ss  th e  s tu d y  
a rea , f r e q u e n tly  in  a sso c ia tio n  w ith  im p a c t c ra te rs . T h e se  a re  a lso  u n lik e ly  to  be re la ted  
to  th e rm a l c o n tra c tio n  c rack in g .
S m a lle r  scale  p o ly g o n s  a re  f re q u e n tly  fo u n d  n o r th  o f  35°N. T h e re  is a la rge  
c o n c e n tra t io n  a lo n g  th e  p la n e ta ry  d ic h o to m y  b o u n d a ry , b u t  o u ts id e  th is  area  th e y  a re  
m u c h  less c o m m o n  a t lo w e r  la titu d e s . T h e s e  fe a tu re s  b eco m e m o re  c o m m o n  to  th e  
n o r th  o f  55°N (a t a b o u t th e  sam e  la ti tu d e  a t w h ic h  la rg e r scale p o ly g o n s  b eco m e less 
c o m m o n ) . T h e y  a re  u b iq u ito u s  n o r th  o f  63°N .
T h e  m o s t c o m m o n  m o rp h o lo g y  is a “ra n d o m  o rth o g o n a l” p a t te rn  c o m p ris in g  
h e x a g o n a l, p e n ta g o n a l a n d  less re g u la r  p o ly g o n s . H o w e v e r , in  a few  p laces, re c ti l in e a r  
fe a tu re s  are  a lso  fo u n d . T h e se  a p p e a r to  be m o s t c o m m o n  in  p laces  w h e re  to p o g ra p h ic  
c o n tro l c o n s tra in s  th e  f ra c tu re  m o rp h o lo g y . F o r ex am p le  c o n c e n tr ic  r in g s  o f  qu asi 
r e c til in e a r  f ra c tu re s  are  o f te n  fo u n d  to  o ccu r w i th in  p a r tia lly  b u rie d  im p a c t c ra te rs . 
N a r ro w  c h a n n e ls  h a v e  a lso  b e e n  o b se rv ed  to  c o n ta in  a s tr in g  o f  re c til in e a r  fea tu re s . 
R e c tilin e a r  fe a tu re s  a re  m o s t c o m m o n  b e tw e e n  66 a n d  7 i°N . T h is  is a re g io n  w ith  a 
la rg e  n u m b e r  o f  im p a c t c ra te rs , w h e re  re c ti l in e a r  o r ra d ia l s tru c tu re s  so m e tim e s  occur. 
I t  is  a lso  in  th e  c e n tre  o f  th e  b a n d  in  w h ic h  sm a ll scale f ra c tu re s  are  m o s t co m m o n .
ABb2
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£  Giant Polygons 
^ Irregular Fractures 
^  Random Orthogonal 
Rectilinear 
^  Rectilinear-RO
F ig u re  7.25: D is tr ib u tio n  o f  m e d iu m  to  la rg e  scale  f ra c tu re  p a t te rn s  in  th e  C T X  su rv e y  
o f  A c id a lia  P la n itia . T h e  la rg e  p o ly g o n s  in d ic a te d  b y  g re e n  p e n ta g o n s  a n d  th e  ir re g u la r  
o r iso la ted  fra c tu re s  m a rk e d  w i th  b la c k  d ia m o n d ’s a re  u n lik e ly  to  be re la te d  to  ice. T h e  
fe a tu re s  m a rk e d  in  re d  a n d  b lu e  a re  m o re  re le v a n t to  th e  in v e s tig a tio n , s in c e  th e se  are  
m o re  lik e ly  to  h av e  fo rm e d  as p a r t  o f  a p e rig lac ia l a ssem b lag e .
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In  g e n e ra l it  w as  im p o ss ib le  to  d e te rm in e  w h e th e r  f ra c tu re s  h a d  lo w  o r  h ig h  c en tre s  
w h e n  e x a m in in g  th e m  in  C T X  im ages. T h is  is b ecause  th e  lo w  re so lu tio n  o f  th e  
im ag es  m e a n s  th a t  w h ile  a n e tw o rk  can  be d is tin g u ish e d  d e ta ils  o f  th e  fra c tu re s  
th e m se lv e s  c a n n o t.
T h e  m a jo r i ty  o f  fe a tu re s  b e lo w  a p p ro x im a te ly  60-70 m e tre s  in  d ia m e te r  ap p ea r as q u asi 
c irc u la r  v a r ia t io n s  in  b r ig h tn e ss . W h e re  H iR IS E  im ag es  are  p re se n t th e se  fe a tu re s  can  
be seen  to  be  m a d e  u p  o f  th e  sam e v a r ie ty  o f  ra n d o m  o r th o g o n a l f ra c tu re  p o ly g o n s  as in  
a reas  w i th  la rg e r  f ra c tu re  n e ts . A lb e it o n  a m u c h  sm a lle r  scale. F ra c tu re s  a re  fo u n d  in  
so m e p laces o n  th e  n o r th e rn  p o la r  cap, an d  th e se  h a v e  a s im ila r  m o rp h o lo g y  to  th o se  o f  
th e  n o r th e rn  p la in s  d e sp ite  th e  d if fe re n t su b s tra te .
T h e  sc a rc ity  o f  fe a tu re s  b e tw e e n  40 -6o°N  cou ld  in  p a r t  be d u e  to  th e  gaps in  th e  C T X  
d a ta  in  th is  reg io n . T h is  c e r ta in ly  a c c o u n ts  fo r  gaps w ith  n o  f ra c tu re s  a t h ig h e r  
la ti tu d e s . H o w e v e r  th e re  a re  fa r  fe w e r fe a tu re s  in  th is  la ti tu d e  b an d  e v e n  in  th e  areas 
w h e re  C T X  co v erag e  is good.
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7.6 Distribution o f Gullies
G ullie s  h av e  b een  obse rved  across  th e  su rface  o f  M a rs  (e.g. B a lm e  et al., 2006; J o u a n n ic  
et al., 2012; R aack  et al., 2012), p a r t ic u la r ly  in  th e  so u th e rn  h e m is p h e re ,  b u t  also o n  the  
w alls  o f  n o r th e r n  p la in s  c ra te rs  (M a l in  an d  E dgett ,  2000). T h e y  are f r e q u e n t ly  fo u n d  on  
c ra te r  w a lls  an d  m a y  suggest th e  eros ive  a c t io n  o f  l iqu id  w a te r  in  geo log ica lly  recen t  
t im e s  ( Jo h n sso n  et al., 2014).
HiRISE: E SP_016810_2260 
Credit: NASA/JPL/ University of Arizona
F ig u re  7.26: E x a m p le  o f  G u llie s  o n  th e  r im  o f  a sm a ll im p a c t c ra te r  in  U to p ia  P la n itia .
In  th is  su rv e y  gullies w e re  obse rved  across  all s tu d y  areas. O f  p a r t ic u la r  in te re s t  w e re
loca t io n s  w h e re  m u l t ip le  gu llies  o ccu r red  in  p r o x im i ty  to  o th e r  p u ta t iv e  per ig lac ia l  
l a n d fo rm s .  I f  gullies  are fo rm e d  th r o u g h  th e  a c t io n  o f  l iqu id  w a te r  in  geo log ica lly  
r ecen t  t im es ,  t h e n  th e i r  p resence  as p a r t  o f  a per ig lac ia l  a s sem b lag e  le n d s  s ig n if ic a n t  
w e ig h t  to  the  o b se rv a t io n .  G u ll ie s  w e re  f r e q u e n t ly  fo u n d  to  o ccu r  in  c lose p r o x im i ty  to  
sca lloped  dep ress ions .  T h e  la t i tu d es  in  w h ic h  these  fe a tu re s  are  c o m m o n  o v e r la p  
s ign if ican t ly .
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F ig u re  7.27: D is tr ib u tio n  o f  gu llies  o n  th e  N o r th e rn  M a r t ia n  P la in s . T h e se  d a ta  in d ic a te  
th e  n u m b e r  o f  im ag es in  w h ic h  fe a tu re s  o c c u r r a th e r  th a n  b e in g  n o rm a lise d  b y  th e  to ta l 
a rea  su rv e y e d .
A s  s h o w n  in  F igure  7.27 gullies are m o s t  c o m m o n  at th e  so u th e rn  pa r t  o f  all su rv ey  
a reas  w i th  th e  peak  o ccu rren ce  at 3 0 '4 o °N  in  A cida lia  an d  U to p ia  P lan i t ia e  an d  in  the  
4 0 '5 0 °N  b a n d  in  A rcad ia  P lan it ia .  T h e  c o n c e n t ra t io n  o f  gullies decreases  d ra m a t ic a l ly  
f u r th e r  n o r th .  T h e  m o s t  gullies w ere  fo u n d  in  th e  U to p ia  P lan i t ia  area. T h i s  is th e  
re g io n  th a t  also h ad  th e  h ig h e s t  c o n c e n t r a t io n  o f  scalloped dep ress ions .  T h e  A rcad ia  
s tu d y  a rea  has  th e  few es t  gullies, b u t  th is  does n o t  corre la te  w i th  d ep re ss io n s  as well, 
s ince  A c id a l ia  and  A rcad ia  h av e  s im i la r  scalloped d ep re ss io n  d is t r ib u t io n s .
2 6 8
Arcadia Planitia
U topia Planitia
A cida lia  PlanJtij
G ullies
F ig u re  7.28: D is tr ib u tio n  o f  g u llie s  o n  th e  n o r th e rn  p la in s  o f  M a rs .
F igure  7.28 sh o w s  th e  geog raph ic  d i s t r ib u t io n  o f  gu llies  i l lu s t ra t in g  th a t  t h e y  are 
c o m m o n  at m id -  to  lo w - la t i tu d e s  in  all s tu d y  areas  excep t  A rcad ia .  O n l y  10 s ites  w e re  
fo u n d  in  th is  reg ion , fa ll ing  b e tw e e n  32°N a n d  59°N. O n e  possib le  g u l ly  w as  fo u n d  
w h ic h  ap peared  to  h a v e  been  in -f il led  b y  la te r  m a te r ia l ,  w h i le  th e  o th e rs  w e re  m o re  
p r is t ine .  30 sites w e re  fo u n d  in  th e  A c ida lia  P la n i t ia  area, a n d  th e se  fall b e tw e e n  a 
s im i la r  ran g e  o f  la t i tudes ;  3 i°N  to  65°N.
T h e  m o s t  ex a m p le s  o f  gu llies  are located  in  th e  lo w  la t i tu d e s  o f  U to p ia  P la n i t ia  w h e re  
th e y  are fo u n d  across  40 H iR I S E  im ages ,  a l th o u g h  th r e e  o f  th e se  s ites  a p p e a r  to  c o n ta in
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gu llies  th a t  h a v e  b eco m e in -f ille d  o r o th e rw ise  deg rad ed . In  th is  s tu d y  a rea , th e y  are 
fo u n d  b e tw e e n  30°N  an d  67°N . T h is  is th e  la rg e s t la t i tu d in a l  ra n g e  o f  th e  th re e  sites, 
a lth o u g h  n o t  d ra m a tic a lly  d if fe re n t to  th e  d is tr ib u tio n s  in  th e  o th e r  tw o  s tu d y  areas.
G u llie s  a re  fa r  m o re  c o m m o n  a t lo w e r la titu d e s  th a n  h ig h . T h e  m a jo r ity  o f  th e  fe a tu re s  
in  a ll th re e  s tu d y  a reas  w e re  fo u n d  a t o r b e lo w  50°N  an d  th e  sam e  is t ru e  o f  th e  area 
su rv e y e d  in  C T X  im ages.
Table 7.5: Distribution o f gullies in Acidalia Planitia.
Acidalia 
Latitude Band 30-40 40-50 50-60 60-70 70-80
A re a  S u rv e y e d  (k m 2) 12186.2 6557.02 3159.49 2779-59 6866.38
N u m b e r  o f  H iR IS E  Im ag es 50 52 34 22 55
N u m b e r  w ith  G u llie s 20 13 5 2 0
% o f  H iR IS E  Im ag es 40 25.00 14.71 9.09 0.00
Utopia
Latitude Band 30-40 40-50 50-60 60-70
A re a  S u rv e y e d  (k m 2) 8219.16 4940.64 3071.29 3955
N u m b e r  o f  H iR IS E  Im ag es 38 38 26 24
N u m b e r  w i th  G u llie s 23 8 6 3
%  o f  H iR IS E  Im ag es 46.00 15.38 17.65 13.64
Arcadia
Latitude Band 30-40 40-50 50-60 60-70 70-80
A re a  S u rv e y e d  (k m 2) 5188.19 3647.79 4100.88 2808.86 2364.71
N u m b e r  o f  H iR IS E  Im a g e s 40 34 46 39 16
N u m b e r  w ith  G u llie s 3 4 3 0 0
%  o f  H iR IS E  Im ag es 6.00 7.69 8.82 0.00 0.00
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7*7 Possible Periglacial Assemblages
In  th e  p re c e d in g  sec tio n s  a v a r ie ty  o f  e x am p le s  o f  fe a tu re s  th a t  co u ld  b e  p e rig la c ia l h a v e  
b e e n  p re se n te d . A n  assem b lag e  is a s ite  w h e re  a su ite  o f  la n d fo rm s  o ccu rs  in  a s in g le  
lo c a tio n  w i th  to p o g ra p h ic  an d  sp a tia l lin k ag es  c o h e re n t w i th  a p e rig la c ia l fo rm a tio n  
h y p o th e s is . S u c h  s ites cou ld  p ro v id e  th e  s tro n g e s t ev id en ce  th a t  th e se  fe a tu re s  a re  p a r t  
o f  a w a te r  r ic h , p e rig lac ia l lan d scap e , e i th e r  n o w  o r in  th e  g eo lo g ica lly  re c e n t  p a s t. H e re  
sev e ra l p o ss ib le  e x am p les  o f  c o n s is te n t p e rig lac ia l la n d fo rm  asse m b la g e s  a re  d iscu ssed .
T h e  H iR IS E  im ag e  in  F ig u re  7.29 co v ers  th e  s o u th e rn  p a r t  o f  a sm a ll c ra te r  in  A rc a d ia  
P la n itia  (a t  c o o rd in a te s  58 .56°N  -  i6 6 .8 7 °E .) T h is  c ra te r  m a y  sh o w  an  a ssem b lag e  o f  
p e rig lac ia l fe a tu re s . G u llie s  can  c le a rly  be seen  o n  th e  so u th e rn  slope  o f  th e  c ra te r  an d  
sca llo p ed  d e p re ss io n s  o ccu r in  th e  c ra te r  in te r io r . T h e  in te r io r  a lso  c o n ta in s  a slope  
co v ered  in  a n g u la r  fe a tu re s  w h ic h  cou ld  be so lif lu c tio n  lobes. F ra c tu re  p o ly g o n s  
in d ic a tiv e  o f  th e rm a l c o n tra c tio n  c ra c k in g  c o v e r m u c h  o f  th e  in te r io r  o f  th e  c ra te r . 
Q u a s i- re c ti l in e a r  f ra c tu re s  o v e rly  th e  g u lly  a lcoves, w h ile  th e  d e b ris  fa n s  f ro m  th e  
g u llie s  c o v e r a n  e a rlie r  p o ly g o n a l te r ra in  w h ic h  co v ers  m o s t th e  in te r io r , o v e r ly in g  th e  
sca llo p ed  d ep re ss io n s .
T h e s e  la n d fo rm s  seem  to  fo rm  p a r t  o f  a s in g le  lan d scap e . T h e  p o ss ib le  so lif lu c tio n  
lobes a re  fo rm in g  o n  th e  s lig h tly  sh a llo w e r s lopes b e lo w  th e  m o u th s  o f  th e  g u llies , 
w h ile  th e  in te r io r  o f  th e  c ra te r  is d o tte d  w i th  sca lloped  d e p re ss io n s . A ll  o f  th e s e  
fe a tu re s  o ccu r w i th in  th e  r im  o f  th e  c ra te r  an d  so m u s t  h a v e  fo rm e d  in  th e  t im e  s in ce  
th e  im p a c t o ccu rred .
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3 . )  S c a l l o p e d  d e p r e s s i o n s  in c r a t e r  i n t e r i o r
Down * 
Slope
--r^
P o ssib le  lo b a te  s tru c tu re s
(Im age ro tated  so slope is from  top  to  
bottom )
c )  G u l l i e s o n  s o u t h e r n  c r a t e r  w a l l
i o o o  i n
F ig u re  7.29: P o ss ib le  P e rig la c ia l A ssem b lag e  in  a c ra te r  in  A rc a d ia  P lan itia ,
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0 Sorted Polygons & Rubble Piles (3)
0 Sorted Polygons & Stripes (3)
# Sorted Polygons, Stripes & Rubble Piles (2)
3 Gullies & Scallops (18)
• Gullies, Scallops & Lobate Structures (1)
3 Gullies, Scallops & Sorted Polygons (1)
3 Gullies, Scallops & Sorted Stripes (1)
★Gullies, Scallops, Sorted Stripes & Lobate Structures (1)
▲Gullies & Lobate Structures (1)
AGullies & possible sorting (1)
AGullies & sorted polygons (2)
• Scalloped depressions & Lobate Structures (1)
OScalloped depressions & Sorted Polygons (8)
OScalloped Depressions & Sorted Stripes (1)
F ig u re  7.30: D is tr ib u t io n  o f  p o ss ib le  p e rig lac ia l a ssem b lag es  o n  th e  N o r th e r n  M a r t ia n
P la in s .
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O th e r  a ssem b lag es  w e re  fo u n d  across th e  th re e  s tu d y  areas. T h e  m o s t c o m m o n  are 
lo c a tio n s  w h e re  g u llies a n d  sca lloped  d e p re ss io n s  o ccu r in  c lose p ro x im ity . S ites  w h e re  
m u ltip le  v a r ie tie s  o f  p o ss ib le  so rted  p a tte rn e d  g ro u n d  o ccu r are  a lso  re a so n a b ly  
c o m m o n  w i th in  th e  areas w h e re  m o s t so r tin g  is fo u n d . D e sp ite  th e  o v e ra ll sca rc ity  o f  
lo b a te  s tru c tu re s  th re e  e x a m p le s  o f  th e s e  fe a tu re s  a re  fo u n d  as p a r t  o f  a p o ssib le  
a ssem b lag e . T h is  ad d s w e ig h t to  th e  h y p o th e s is  th a t  th e y  m a y  h a v e  fo rm e d  th ro u g h  
p e rig lac ia l p rocesses.
F ig u re  7.30 sh o w s th e  g eo g rap h ic  d is tr ib u tio n  o f  p o ssib le  a ssem b lag es  across th e  
n o r th e rn  p la in s . T h e se  are  m o s t c o m m o n  in  A c id a lia  P la n itia , w h e re  th e re  is a h ig h  
c o n c e n tra tio n  o f  p o ssib le  so rte d  fe a tu re s , a n d  in  U to p ia  w h e re  m a n y  e x am p le s  o f  
sca llo p ed  d e p re ss io n s  a n d  g u llie s  are  fo u n d . A rc a d ia  P la n itia  h a s  fe w e r o f  e i th e r  o f  
th e se  ty p e s  o f  fea tu re , a n d  C o n s e q u e n tly  fe w e r p o ssib le  a ssem b lag es  a re  fo u n d  in  th is  
reg io n .
T h e re  a re  a to ta l  o f  44 H iR IS E  im ag es  in  th e  su rv e y  a reas  w h ic h  c o n ta in  m o re  th a n  one  
o f  th e  la n d fo rm s  d esc rib ed  above, w ith  m o s t fo u n d  b e tw e e n  40° to  50° n o r th . H o w e v e r  
in  la rg e  H iR IS E  im ag es sev e ra l p o te n tia lly  p e rig lac ia l la n d fo rm s  can  be p re se n t w i th in  
th e  sam e im ag e , b u t n o t  in  c lose p ro x im ity  o n  th e  g ro u n d . T h is  h a s  to  be ta k e n  in to  
a c c o u n t w h e n  d ec id in g  w h e th e r  a s ite  can  be co n s id e re d  a p e rig lac ia l assem blage .
T h e  m o s t c o m m o n  la n d fo rm s  to  o ccu r in  c lose p ro x im ity  a re  g u llie s  an d  sca lloped  
d e p re ss io n s . T h is  is p r im a r i ly  d u e  to  th e  fac t th a t  th e se  are  th e  m o s t c o m m o n  p u ta tiv e  
p e rig la c ia l (o r  p e rig la c ia lly  a sso c ia te d ) la n d fo rm s  to  be fo u n d  as p a r t  o f  th is  su rv ey . 
S ite s  w h e re  sca lloped  d e p re ss io n s  a n d  gu llies o ccu r in  c lose p ro x im ity  are  th e  m o s t 
c o m m o n  fo rm  o f  a ssem b lag e . T h is  p ro v id e s  a n  a d d itio n a l s tra n d  o f  e v id en ce  th a t  th e y  
m ig h t  b o th  be  fo rm e d  th ro u g h  w a te r  re la te d  p ro cesses . I f  gu llies  a re  ca rv ed  b y  w a te r  
re le a se d  b y  m e lt  (as  seem s m o s t lik e ly  (B a lm e  e t al., 2006; C o n w a y  an d  B alm e, 2014;
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C o n w a y  et al., 2011; C o s ta rd  et al., 2002)), th e n  th e y  w o u ld  be exp ec ted  to  occu r  in 
p laces  w h e re  c o n d i t io n s  fo r  t h a w  are  favourab le .  S o m e  g u lly  l ike  s t ru c tu re s  can  be 
ex p la in e d  by  o th e r  p rocesses  w h ic h  do n o t  requ ire  th a w ,  su ch  as d ry  g ra n u la r  f low s  or 
e ro s io n  b y  C 02, b u t  e ro s io n  b y  l iqu id  w a te r  is a s t ro n g  p o ss ib i l i ty  to  e x p la in  th e i r  
f o rm a t io n  (e.g. C o n w a y  et al., 2011). T h e  o ccu rren ce  o f  gullies  in  p r o x im i ty  to  
la n d fo rm s  w h ic h  re sem b le  te r re s t r ia l  th e r m o k a r s t  inc reases  th e  p ro b a b i l i ty  th a t  b o th  
l a n d fo rm s  are fo rm in g  in  loca t io n s  w h e re  th e rm o k a r s t  p rocesses  m ig h t  be viable.
Arcadia Planitia
-Utopia Planitia
i io° W
100' W IOO° E
A  Gullies 
£  Scalloped Depressions
170° W
8o° W 8oc E
70° W
20° E
F ig u re  7.31: C o m p a r iso n  o f  S ca llo p ed  d e p re ss io n  a n d  g u lly  d is t r ib u t io n  o n  th e  n o r th e rn
p la in s  o f  M ars .
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S ca llo p ed  d e p re ss io n s  an d  gu llies  o ccu r o v e r m u c h  th e  sam e ra n g e  o f  la titu d e s  in  a ll o f  
th e  su rv e y  a rea s  an d  th e re  are  n u m e ro u s  lo c a tio n s  w h e re  b o th  ty p e s  o f  fe a tu re  o ccu r in  
th e  sam e  H iR IS E  im ages. F ig u re  7.31 sh o w s th e  d is tr ib u tio n  o f  a ll e x a m p le s  o f  scalloped  
d e p re ss io n s  a n d  all gu llies. I t  c an  be seen  th a t  th e re  is a c o n sid e rab le  o v erlap  b e tw e e n  
th e  tw o  d a ta se ts  in  a ll s tu d y  areas.
In  A c id a lia  g u llie s  a n d  sca lloped  d e p re ss io n s  o c c u r o v e r th e  sam e ra n g e  o f  la titu d e s , 
a p p ro x im a te ly  40-67°N . H o w e v e r  in  U to p ia  m o re  gu llies  o ccu r a t lo w e r la titu d e s , w h ile  
sca llo p ed  d e p re ss io n s  a re  n o t  fo u n d  b e lo w  4 0 °N , a lth o u g h  o th e r  ty p e s  o f  p it te d  g ro u n d  
can  be fo u n d  in  th is  area . T h is  is s im ila r  to  th e  ran g e  o f  la titu d e s  seen  in  A rcad ia  
P la n itia . T h is  su g g ests  th a t  A c id a lia  P la n itia  m a y  h av e  a n  a n o m a lo u s ly  lo w  n u m b e r  o f  
fe a tu re s , a lth o u g h  th e  A rc a d ia  s tu d y  a rea  a lso  does n o t  c o n ta in  as m a n y  o f  th e se  
fe a tu re s  as th e  U to p ia  P la n itia  reg io n .
T h e  ta b le s  b e lo w  lis t th o se  H iR IS E  im ag es  in  w h ic h  p o ssib le  assem b lag es  h av e  b een  
fo u n d  to  o ccu r. P o ss ib le  a ssem b lag es  are  n o t  as c o m m o n  as s ite s  w i th  in d iv id u a l 
la n d fo rm s . E x am p les  in c lu d in g  th e  m o re  u n u su a l fea tu re s , su ch  as so rted  p a tte rn s  an d  
so lif lu c tio n  lobes, a re  ra re r  still.
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Table 7.6: Images containing m ultiple periglacial landform s each o f the study areas.
H iR IS E Stu d y  Area D egradational Features Sorting  Features
E S P _ O l 6 8 2 8 _ 2 I 2 0 A c i d a l i a G u l l i e s L o b a t e  S t r u c t u r e s
E S P _ o i 7 6 4 0 _ 2 8 9 5 A c i d a l i a S o r t e d  P o l y g o n s  &  R u b b l e  P i l e s
E S P _ o i 7 6 8 5 _ 2 4 9 0 A c i d a l i a S o r t e d  P o l y g o n s  &  S t r i p e s
E S P _ o i 7 7 i i _ 2 3 3 o A c i d a l i a G u l l i e s  &  S c a l l o p s
E  S  P _ o i 7 7 7 8 _ 2 2 0 o A c i d a l i a G u l l i e s  &  S c a l l o p s
P S P _ o o 6 6 4 9 _ 2 2 3 o A c i d a l i a G u l l i e s  &  S c a l l o p s
P S P _ o o i 5 5 8 _ 2 2 6 5 A c i d a l i a S c a l l o p e d  D e p r e s s i o n s S o r t e d  P o l y g o n s
P S P _ o o i 9 4 2 _ 2 3 i o A c i d a l i a G u l l i e s  &  S c a l l o p s
P S P _ 0 0 7 0 3 I _ 2 2 2 0 A c i d a l i a G u l l i e s  &  S c a l l o p s
P S P _ 0 0 7 i 2 3 _ 2 2 5 0 A c i d a l i a G u l l i e s  &  S c a l l o p s L o b a t e  S t r u c t u r e s
P S P _ o o 9 o 8 7 _ 2 5 5 0 A c i d a l i a S o r t e d  P o l y g o n s  &  R u b b l e  P i l e s
P S P _ o i o o 5 i _ 2 4 3 5 A c i d a l i a G u l l i e s S o r t e d  P o l y g o n s
E S P _ 0 2 5 0 7 0 _ 2 3 3 0 A c i d a l i a G u l l i e s  &  S c a l l o p s S o r t e d  S t r i p e s
E S P _ 0 2 6 4 4 i _ 2 4 6 o A c i d a l i a S o r t e d  P o l y g o n s  &  S t r i p e s
E  S  P _ 0 2 5 7 i 6 _ 2 2 0 0 A c i d a l i a G u l l i e s  &  S c a l l o p s
E S P _ 0 2 7 7 0 7 _ 2 i 9 5 A c i d a l i a G u l l i e s  &  S c a l l o p s
E S P _ 0 2 7 8 3 9 _ 2 3 3 5 A c i d a l i a S c a l l o p e d  D e p r e s s i o n s S o r t e d  P o l y g o n s
E S P _ o i 6 8 4 i _ 2 3 4 0 A c i d a l i a S o r t e d  P o l y g o n s  &  S t r i p e s  &  R u b b l e  P i l e s
P S P _ o o 7 5 9 7 _ 2 5 3 0 A c i d a l i a S o r t e d  P o l y g o n s  &  S t r i p e s  &  R u b b l e  P i l e s
P S P _ o o 6 8 7 2 _ 2 2 7 5 A c i d a l i a S o r t e d  P o l y g o n s  &  R u b b l e  P i l e s
E S P _ o i 6888_ 236o A r c a d i a S c a l l o p e d  D e p r e s s i o n s S o r t e d  S t r i p e s
E S P _ o i 7 5 3 4 _ 2 3 9 0 A r c a d i a G u l l i e s  &  S c a l l o p s
P S P _ o o 7 4 7 2 _ 2 2 5 0 A r c a d i a G u l l i e s  &  S c a l l o p s
P S P _ o o 7 5 3 9 _ 2 4 2 0 A r c a d i a S c a l l o p e d  D e p r e s s i o n s S o r t e d  P o l y g o n s
E S P _ o i 9 6 5 7 _ 2 i 2 5 A r c a d i a G u l l i e s P o s s i b l e  S o r t i n g
P S P _ 0 i 0 5 9 7 _ 2 3 0 0 A r c a d i a G u l l i e s  &  S c a l l o p s
E S P _ 0 2 6 4 2 0 _ 2 3 6 o A r c a d i a G u l l i e s  &  S c a l l o p s
E S P _ 0 2 7 3 4 3 _ 2 i 8 5 A r c a d i a G u l l i e s  &  S c a l l o p s
E S P _ o i 6 i i 3_2305 U t o p i a G u l l i e s  &  S c a l l o p s
E S P _ o i 6 5 7 3 _ 2 4 7 5 U t o p i a S c a l l o p e d  D e p r e s s i o n s L o b a t e  S t r u c t u r e s
E S P _ o i 6 6 o o _2370 U t o p i a S o r t e d  P o l y g o n s  &  S t r i p e s
E S P _ o i 6732_ 223o U t o p i a G u l l i e s  &  S c a l l o p s
E S P _ o i 6 74 6_2275 U t o p i a S c a l l o p e d  D e p r e s s i o n s S o r t e d  P o l y g o n s
E S P _ o i 6 8 i o _ 226o U t o p i a G u l l i e s  &  S c a l l o p s S o r t e d  S t r i p e s  &  L o b a t e  S t r u c t u r e s
E S P _ o i 7o o 8_2340 U t o p i a S c a l l o p e d  D e p r e s s i o n s S o r t e d  P o l y g o n s
E S P _ o i 7 i 8 i _2405 U t o p i a G u l l i e s S o r t e d  P o l y g o n s
E S P _ o i 7 i 9 3 _ 2 3 9 0 U t o p i a S c a l l o p e d  D e p r e s s i o n s S o r t e d  P o l y g o n s
E S P _ o i 7 2 4 7 _ 2 2 5 0 U t o p i a S c a l l o p e d  D e p r e s s i o n s S o r t e d  P o l y g o n s
P S P _ 0 0 2 7 8 2 _ 2 2 3 0 U t o p i a G u l l i e s  &  S c a l l o p s
P S P _ 0 0 7 0 0 I _ 2 2 0 0 U t o p i a G u l l i e s  &  S c a l l o p s S o r t e d  P o l y g o n s
E S P _ o i 8 8 9 5 _ 2 4 i o U t o p i a G u l l i e s  &  S c a l l o p s
E  S  P _ o i 9 6 5 8 _ 2 3 4 5 U t o p i a S c a l l o p e d  D e p r e s s i o n s S o r t e d  P o l y g o n s
E S P _ 0 2 0 5 l 6 _ 2 2 4 0 U t o p i a G u l l i e s  &  S c a l l o p s
P  S  P _ o o 8 8 4 6 _ 222Q U t o p i a G u l l i e s  &  S c a l l o p s
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7.8 Summary
F ig u re  7.32 a n d  T a b le  7.7 su m m a rise  th e  d is tr ib u tio n  o f  all o f  th e  fe a tu re s  d iscu ssed  in  
th is  c h a p te r . M a r tia n  an a lo g u es  can  be fo u n d  fo r  a w id e  v a r ie ty  o f  te r re s tr ia l  p e rig lac ia l 
fe a tu re s . G u llie s  an d  sca llo p ed  d e p re ss io n s  a re  fo u n d  o v e r a w id e  ra n g e  o f  la titu d e s  in  
a ll th re e  o f  th e  m a r t ia n  n o r th e rn  p la in s . S o rte d  p o ly g o n s, s tr ip e s  an d  so lif lu c tio n  lobes 
are  th e  m o s t c h a ra c te r is tic  e le m e n ts  o f  a te r re s tr ia l  p e rig lac ia l e n v iro n m e n t, b u t  a re  also 
th e  le a s t c o m m o n  la n d fo rm s  fo u n d  in  th e se  su rv ey s. P u ta tiv e  p e rig lac ia l la n d fo rm s  
h a v e  b e e n  fo u n d  a t lo w e r la ti tu d e s  th a n  p re v io u s ly  th o u g h t. A d d itio n a lly  sev e ra l sites 
h a v e  b e e n  fo u n d  w h e re  an  a ssem b lag e  o f  p o ss ib le  p e rig lac ia l la n d fo rm s  occur. T h e se  
are  th e  a reas  w h e re  th e  ev id en ce  fo r th e  p e rig lac ia l e n v iro n m e n t is s tro n g e s t. F u r th e r  
e v id e n c e  w ill be  re q u ire d  to  d e te rm in e  w h e th e r  th e se  fe a tu re s  fo rm e d  b y  o n e  p rocess 
r a th e r  th a n  a n o th e r . T h e  n e x t  c h a p te r  w ill p re se n t th e  re su lts  o f  sev e ra l s tu d ie s  to  
c o n s tra in  th e  fa c to rs  c o n tro ll in g  th e  d is tr ib u tio n  o f  th e se  fe a tu re s . T h is  w ill co m p are  
th e i r  m o rp h o lo g y  an d  s i tu a tio n  w ith  an a lo g o u s  fe a tu re s  f ro m  th e  te r re s tr ia l  a rc tic  to  
c o n s tra in  w h e th e r  th e se  fe a tu re s  are  lik e ly  to  be  p e rig lac ia l o r  n o t.
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Table 7.7: Sum m ary of landform  distributions across the three study areas.
A cidalia
31548.68
km 2
167
Im ages A rcadia
20186.1
km 2
175
Im ages U to p ia
18110.4
km 2
126
Im ages
Landform
N u m b er  o f  
occurrences
M in
Latitude
M ax
Latitude
N u m b er  o f  
occurrences
M in
Latitude
M ax
L atitude
N u m b er  o f  
occurrences
M in
L atitude
M ax
L atitude
Fracture
Polygons 95 30 77 90 32 74 69 3i 70
Sorted
Polygons 38 37 74 17 36 73 17 4° 68
Sorted
Stripes 9 46 73 6 34 64 3 46 64
Rubble Piles 21 43 77 5 36 73 1 69 69
Lobate
Structures 7 32 74 5 38 68 4 53 67
Scalloped
Depressions 28 30 57 2 7 40 64 36 40 67
Gullies 38 31 66 10 32 59 40 30 67
T a b le  7.8: N u m b e r  o f  each  la n d fo rm  id e n tif ie d , n o rm a lis e d  b y  th e  a rea  a n d  n u m b e r  o f  
im ag es  su rv ey ed .
A cidalia Area Im ages Arcadia Area Im ages U to p ia A rea Im ages
31548.68 167 20186.1 175 18110.4 126
Landform N u m ber B y  area
B y  
num ber  
o f  Im ages
N u m ber B y  area
B y
num ber
o f
Im ages
N u m b er B y  area
B y  
nu m ber o f  
Im ages
Fracture
Polygons 9 5
-03
3 .01 X 10 0 .5 7 90 4.46 xio 03 0.51 6 9 3 .81  x i o ’°3 0 .5 5
Sorted
Polygons 3 8
-03
1 .20  XIO 0 .2 3 17 8.42 xio 04 0.10 17 9 .3 9  x i o  04 0.13
Sorted
Stripes 9 2 .8 5  x i o ’°4 0 .0 5 6 2.97. xio 04 0.03 3 1 .6 6  x i o  04 0 .0 2
Rubble
Piles 21 6 .6 6  x i o ' 04 0.13 5 2.48 xio 04 0.03 1
-05
5 .52  XIO 0 .0 1
Lobate
Structures 7
-04
2 .2 2  XIO 0 .0 4 5 2.48 XIO °4 0.03 4 -042.21 XIO 0 .0 3
Scalloped
Depressions 2 8 8 .8 8  x i o  04 0 .1 7 27
-031.34 XIO 0.15 3 6 *031 .9 9  XIO 0 .2 9
Gullies 38 ' ° 31 .20  XIO 0 .2 3 10 - 0 44.95 XIO 0.06 4 0 -032.21 XIO 0 .3 2
2 7 9
a) Acidalia Planitia
Fracture Polygons 
30.
Gullies
Scalloped
Depressions
Lobate Structures
Sorted Polygons
) Sorted Stripes 
Rubble Piles
b) Arcadia Planitia
Fracture Polygons
Gullies
Scalloped
Depressions
Lobate Structures
Sorted Polygons
Sorted Stripes
Rubble Piles
c) Utopia Planitia
Fracture Polygons
30.
Gullies
Scalloped
Depressions
Lobate Structures
Sorted Polygons
Sorted Stripes
Rubble Piles
—  Min Latitude — — Max Latitude
F ig u re  7.32: L a titu d in a l e x te n ts  o f  th e  la n d fo rm s  d esc rib ed  in  th is  ch a p te r . T h e  re d  lin e  
in d ic a te s  th e  n o r th e rn m o s t  la t i tu d e  a t w h ic h  a la n d fo rm  is o b serv ed , a n d  th e  b lu e  lin e  
th e  s o u th e rn m o s t  la titu d e , a ) A c id a lia  P la n itia , b ) a rcad ia  P la n itia , c) U to p ia  P la n itia .
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8 Chapter Eight: A nalysis o f  the distribution o f putative 
periglacial landforms
C h a p te r  S e v e n  h as  o u tlin e d  th e  d is tr ib u tio n  o f  a v a r ie ty  o f  p u ta t iv e  p e rig lac ia l 
la n d fo rm s , a n d  p o ss ib le  p e rig lac ia l assem b lag es. T h is  c h a p te r  w ill b u ild  o n  th o se  re su lts  
to  d e te rm in e  w h a t  fa c to rs  c o n tro l th e  d is tr ib u tio n  o f  th e se  fe a tu re s .
T h e  fe a tu re s  d e sc rib ed  in  C h a p te r  S e v e n  h a v e  m o rp h o lo g ic a l s im ila r it ie s  to  te r re s tr ia l  
p e rig lac ia l la n d fo rm s . H o w e v e r  th e  d e f in it io n  o f  a p e rig lac ia l la n d sc a p e  is b ased  o n  
p ro cess , n o t  m o rp h o lo g y . S im ila r it ie s  in  m o rp h o lo g y  a re  a u se fu l s ta r t in g  p o in t ,  b u t 
f u r th e r  ev id en ce  is n e e d e d  to  te s t  w h e th e r  th e se  la n d fo rm s  f i t  a p e r ig la c ia l p a ra d ig m . 
S p ec if ica lly  i t  m u s t  be d e m o n s tra te d  th a t  p u ta tiv e  p e rig lac ia l fe a tu re s  fo rm e d  th ro u g h  
p ro cesses  re la tin g  to  th e  fre e z in g  an d  th a w in g  o f  g ro u n d  ice.
S in ce  in  s itu  o b se rv a tio n  o f  th e se  fe a tu re s  is n o t  y e t a n  o p tio n  it  m a y  n o t  be p o ss ib le  to  
d e f in i t iv e ly  c o n c lu d e  w h ic h  p ro cesses  led  to  th e ir  fo rm a tio n . H o w e v e r  v a r io u s  s tra n d s  
o f  c irc u m s ta n tia l  ev id e n c e  c an  be assessed  to  te s t  w h e th e r  a p e rig la c ia l e x p la n a tio n  fo r  
th e se  fe a tu re s  is p ro b ab le . In  th e  se c tio n s  th a t  fo llo w  th e  d is t r ib u t io n  o f  se v e ra l o f  th e se  
fe a tu re s  -  c la s tic  p a tte rn e d  g ro u n d , lo b a te  s tru c tu re s  an d  sca llo p ed  d e p re s s io n s  -  a re  
co m p a re d  to  v a r io u s  p a ra m e te rs  th a t  m ig h t be ex p ec ted  to  c o n tro l th e i r  d is t r ib u t io n  i f  
th e y  a re  p e rig lac ia l in  n a tu re .
8.1 Parameters to consider
F o r p e rm a fro s t- re la te d  p ro cesses  to  o ccu r, g ro u n d  ice m u s t  be p re se n t. L a n d fo rm s  in  ice
free  e n v iro n m e n ts  a re  u n lik e ly  to  be p e rig lac ia l, u n le ss  th e y  fo rm e d  d u r in g  a p a s t
p e rio d  w h e n  g ro u n d  ice w as p re se n t. D a ta  f ro m  th e  M a rs  O d y s s e y  N e u t r o n
S p e c tro m e te r  su g g est th a t  h y d ro g e n - r ic h  te r ra in , p ro b a b ly  in d ic a tiv e  o f  th e  p re se n c e  o f
w a te r  ice in  th e  u p p e r  50-100 cm  o f  th e  su rface , is fo u n d  to  th e  n o r th  o f  6 o °N  (F e ld m a n
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e t al., 2002). T h e  G a m m a  R ay S p e c tro m e te r  o n  th e  sam e sp acec ra ft a lso  su g g ests  th e  
p re se n c e  o f  g ro u n d  ice in  th is  la ti tu d e  b a n d  (B o y n to n  e t al., 2010). I t  h a s  b een  p ro p o sed  
th a t  a la y e r  o f  b u rie d  ic e -r ic h  g ro u n d , o v e r la in  b y  ice -free  m a te r ia l, o ccu rs  o v e r m u c h  o f  
th e  m id  to  h ig h  la titu d e s  (B o y n to n  e t al., 2010; F e ld m a n  e t al., 2004, 2002). T h e  
in s u la tin g  la y e r  ap p ears  to  be th in n e s t  a t th e  po les, an d  b eco m es in c re a s in g ly  th ic k e r  
to w a rd s  th e  e q u a to r  (B o y n to n  e t al., 2010;). G ro u n d  ice is c u r re n tly  th o u g h t to  be stab le  
in  th e  n e a r  su b su rface  a t m id  to  h ig h  la ti tu d e s  a n d  a p u ta tiv e  ic e -d u s t m a n tle  is 
o b se rv ed  n o r th  o f  a ro u n d  4 o °N  (K re s la v sk y  a n d  H e a d , 2002; M e llo n  a n d  Ja k o sk y , 1995; 
M u s ta rd  e t al., 2001). C o n se q u e n tly , it  can  be p re su m e d  th a t  th e  ic e -r ic h  e n v iro n m e n t 
n e c e ssa ry  fo r  p e rig lac ia l p ro cesses  is p re s e n t a t m id  to  h ig h  la titu d e s , b e in g  u n c o m m o n  
a n d  u n s ta b le  to  th e  so u th  o f  4 0°N , an d  b e c o m in g  in c re a s in g ly  c o m m o n  a n d  s tab le  a t 
h ig h  la titu d e s .
A n  ic e -d u s t m ix  is lik e ly  to  be  a re a so n a b ly  good  m e d iu m  fo r p e rig lac ia l p ro cesses  
p ro v id e d  th a t  th e  ice c an  th a w  su ff ic ie n tly  to  p ro d u ce  an  ac tiv e  lay e r. A s  d iscu ssed  in  
C h a p te r  T h re e  th e  f in e  p a rtic le s  b e liev ed  to  m a k e  u p  th e  g lobal d u s t la y e r  o n  M a rs  
co u ld  p o te n tia l ly  p ro v id e  th e  f in e  g ra in e d  f ra c tio n  n eed ed  to  m a k e  m a r tia n  re g o lith  
f ro s t-su sc e p tib le . A  c o m p le te  g ra in  size  a n a ly s is  o f  th e  soil a t th e se  s ite s  w o u ld  be 
n e e d e d  to  th o ro u g h ly  assess f ro s t su sc e p tib ility .
G ro u n d  ice ap p e a rs  to  be m o s t p re v a le n t a n d  c lo se s t to  th e  su rface  a t h ig h  la titu d e s , th is  
is th u s  w h e re  p e rig lac ia l fe a tu re s  w o u ld  be ex p ec ted  to  be m o s t c o m m o n . H o w e v e r  th is  
re lie s  u p o n  th e  o ccu rren ce  o f  s ite s  w i th  su ff ic ie n tly  h ig h  te m p e ra tu re s  to  a llo w  th a w in g  
to  o ccu r. T e m p e ra tu re s  h ig h  e n o u g h  to  in d u ce  th a w in g  a re  ex p ec ted  to  o n ly  o ccu r o n  
s lo p es w h ic h  rece iv e  h ig h  in so la tio n  a n d  a t la ti tu d e s  above  3o°N  (e.g . C o s ta rd  e t al., 
2002; K re s la v sk y  e t al., 2008). H o w e v e r , ev en  in  th e se  lo c a tio n s  it  w o u ld  be  ex p ec ted
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th a t  th a w in g  w o u ld  o n ly  o c c u r o n  th e  h o tte s t  d ay s  o f  th e  y ea r, a n d  m a y  n o t  o ccu r in  
th e  c u r re n t  c lim a te .
D u r in g  p e rio d s  o f  h ig h e r  o b liq u ity  p o le -fac in g  slopes a t m id  la ti tu d e s  w ill re c e iv e  th e  
m o s t in so la tio n . K re s la v sk y  e t al., (2008) su g g es t th a t  th a w  co u ld  o n ly  h a v e  o c c u rre d  o n  
m id  la ti tu d e , p o le -fac in g  slopes d u rin g  p e rio d s  o f  h ig h  o b liq u ity . In  m o re  re c e n t tim e s , 
th e  te m p e ra tu re  c o n d itio n s  acro ss  m u c h  o f  th e  n o r th e rn  p la in s  w o u ld  n o t  be e x p e c te d  
to  be su itab le  fo r  p e rig lac ia l p rocesses.
A s d esc rib ed  in  S e c tio n  3.3.6 it  is p o ss ib le  th a t  th e  p re sen ce  o f  c ry o b rin e s  co u ld  a llo w  
th a w in g  a t lo w e r te m p e ra tu re s . T h is  w o u ld  e x p a n d  th e  ra n g e  o f  c o n d itio n s  o v e r  w h ic h  
p e rig lac ia l e n v iro n m e n ts  co u ld  d ev e lo p , a n d  p o te n tia lly  a llo w  th e  c o n tin u e d  o c c u rre n ce  
o f  a p e rig lac ia l lan d scap e  d u rin g  p e rio d s  w i th  less fa v o u ra b le  c lim a tic  c o n d itio n s . T h e  
p re sen ce  o f  c ry o b rin e s  m ig h t  a llo w  p ro cesses  w h ic h  w o u ld  o th e rw ise  be  re s tr ic te d  to  
p o le  fac in g  slopes to  o ccu r in  o th e r  lo ca tio n s . M o re  c ru c ia lly  i t  w o u ld  a llo w  th a w in g  to  
o ccu r m o re  fre q u e n tly , in c re a s in g  th e  speed  a t w h ic h  a p e r ig la c ia l la n d sc a p e  co u ld  
d ev e lo p . S o rte d  p a tte rn e d  g ro u n d  re q u ire s  re p e a te d  fre e z in g  an d  th a w in g , so m o re  
f re q u e n t th a w  e v e n ts  w o u ld  s ig n if ic a n tly  in c rea se  th e  lik e lih o o d  o f  re c o g n isa b le  
fe a tu re s  d e v e lo p in g .
E v en  i f  it  is p o ss ib le  fo r  p e rig lac ia l fe a tu re s  to  o ccu r u n d e r  a w id e r  ra n g e  o f  
te m p e ra tu re s  th e y  w o u ld  s till  b e  ex p ec ted  to  o ccu r p re fe re n tia lly  a t th e  s ite s  w i th  th e  
m o s t fa v o u ra b le  c o n d itio n s . E v en  i f  p e rig la c ia l fe a tu re s  ca n  o c c u r a w a y  f ro m  p o le  
fac in g  slopes th e y  sh o u ld  s till  be  lo o k ed  fo r  th e re . In  su m m a ry  p e r ig la c ia l fe a tu re s  
w o u ld  be m o s t lik e ly  to  occur:
•  A t  h ig h  la titu d e s ,
•  In  a reas  w i th  p le n tifu l g ro u n d  ice
•  O n  s lopes w i th  h ig h  in so la tio n ,
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U n d e r  p re se n t  co n d i t io n s  e q u a to r  fac ing  slopes w ill  receive th e  m o s t  in so la t io n  and  so 
be th e  fa v o u re d  e n v i r o n m e n t  fo r  th e  fo rm a t io n  o f  perig lac ia l  fea tu res .  L a n d fo rm s  th a t  
fo rm e d  d u r in g  h ig h e r  o b l iq u i ty  pe r iods  w o u ld  in s tead  be ex p ec ted  to  fo rm  o n  steep  pole 
fac ing  slopes. C o n s e q u e n t ly ,  s lope aspect can  be used  to  specu la te  o n  th e  per iod  d u r in g  
w h ic h  these  l a n d fo rm s  p ro b a b ly  developed .
8.2 Latitudinal Control
T h e  la t i tu d in a l  d is t r ib u t io n s  o f  th e se  l a n d fo rm s  are d iscussed  in  de ta il  in  C h a p te r  
Seven . It  is c lear  th a t  w h i le  m a n y  fea tu re s  do occu r  at h ig h  n o r th e r n  la t i tu d es  th e y  are 
n o t  l im ite d  to  th e m . T h e  m a jo r i ty  o f  c lastic  p o ly g o n s  an d  so l i f lu c t io n  fea tu res  are 
fo u n d  in  th e  n o r th e r n  p a r t  o f  th e  su rv e y  area, as are m a n y  o f  th e  best exam ples .  
H o w e v e r ,  o th e r  fea tu res  w i th  s im i la r  m o rp h o lo g ie s  are fo u n d  f u r th e r  to  th e  so u th  as 
low  as 35°N in  som e  cases. T h e s e  m id - la t i tu d e  fea tu re s  could  h av e  d ev e lo p ed  in  u n u su a l  
m ic ro c l im a te s  or  in  th e  p resen ce  o f  c ry o b r in es .  H o w e v e r ,  it is also possib le  th a t  th e y  
fo rm e d  th r o u g h  a p rocess  u n re la te d  to  th e  perig lac ia l  e n v i ro n m e n t ,  b u t  w h ic h  p roduces  
a la n d fo rm  w i t h  s im ila r  m o rp h o lo g y .
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F ig u re  8.1: P lo ts  o f  fe a tu re  g rad e  a g a in s t la titu d e . T h is  w as  assessed  u s in g  a fiv e  p o in t  
scale  w i th  5 b e in g  th e  m o s t r e p re s e n ta tiv e  fe a tu re s  a n d  1 th e  le a s t re p re se n ta tiv e . T h e  
p a ra m e te rs  d iscu ssed  in  c h a p te r  f iv e  w e re  u sed  fo r  a sse ss in g  so rte d  fe a tu re s , w h ile  lobes 
a n d  sca llo p s w e re  g rad ed  u s in g  a s im ila r  m e th o d o lo g y  a n d  th e  ty p e  ex a m p le s  p re se n te d  
in  c h a p te r  six . a) S o rte d  p a tte rn e d  g ro u n d , b ) lo b a te  s tru c tu re s  an d  c) sca lloped
d ep re ss io n s .
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F ig u re  8.1 illu s tra te s  th a t  w h ile  e x a m p le s  o f  so rte d  fe a tu re s  a n d  sca llo p ed  d e p re ss io n s  
are  fo u n d  across a w id e  ra n g e  o f  la ti tu d e s  th o se  th a t  w e re  g rad ed  as th e  b e tte r  e x a m p le s  
o f  th e  ty p e  a re  p re d o m in a n tly  fo u n d  w i th in  m u c h  n a r ro w e r  la t i tu d in a l  ran g es . T h e  b es t 
e x a m p le s  o f  so rte d  fe a tu re s  a re  a ll fo u n d  n o r th  o f  6o°N , w h ile  th e  b e s t e x a m p le s  o f  
sca llo p ed  d e p re ss io n s  fa ll w i th in  th e  4o-5o°N  ran g e . T h e  ran g e  o f  la ti tu d e s  o v e r  w h ic h  a 
fe a tu re  is fo u n d  can  be seen  to  in c rease  w ith  d ec rea s in g  fe a tu re  g rade .
T h e  p re fe re n tia l  o c c u rre n ce  o f  so rte d  s tru c tu re s  a t h ig h  n o r th e r n  la ti tu d e s  f i ts  w ith  
p r io r  o b se rv a tio n s  o f  th e se  fe a tu re s  a n d  m a k e s  sense  in  th e  c o n te x t  o f  th e ir  idea l 
fo rm a tio n  e n v iro n m e n t. T h e se  la n d fo rm s  w o u ld  be ex p ec ted  to  o ccu r in  v e ry  ic e -r ic h  
te r ra in  a n d  th e  n o r th e rn  re a c h e s  o f  th e  su rv e y  area  b e s t f it  th is  c r ite r io n .
T h e  o ccu rren ce  o f  th e  h ig h e s t g rad ed  sca lloped  d e p re ss io n s  w i th in  th e  m id  la ti tu d e s  f its  
w ith  th e  o b se rv a tio n s  o f  th e se  fe a tu re s  in  U to p ia  P la n itia  b y  o th e r  re se a rc h e rs  (e.g . 
M o rg e n s te rn  e t al., 2007; S e jo u rn e  e t al., 2011). T h e s e  la n d fo rm s  m a y  fo rm  th ro u g h  th e  
d e g ra d a tio n  o f  ic e -r ic h  u n its  b y  s u b lim a tio n  p ro cesses , so i t  is to  be e x p e c te d  th a t  th e y  
w ill o ccu r in  th e  re g io n  w h e re  a n  icy  m a n tle  is less s tab le  as th is  is w h e re  it  w ill m o s t 
e a s ily  be deg raded .
L obate  s tru c tu re s  w o u ld  be e x p e c te d  to  o ccu r u n d e r  a s im ila r  ra n g e  o f  c o n d it io n s  to  
so rte d  p a tte rn e d  g ro u n d  a n d  so sh o u ld  be m o s t p re v a le n t a t h ig h  n o r th e r n  la ti tu d e s . 
H o w e v e r  th e  b es t e x am p le s  o f  lo b a te  s tru c tu re s  do n o t  h a v e  a te n d e n c y  to w a rd s  a 
sm a lle r  ra n g e  o f  la titu d e s . F e a tu re s  o f  a ll g ra d e s  a re  fo u n d  ac ro ss  th e  e n tire  ra n g e  o f  
la ti tu d e s  su rv ey ed . I t  is in te re s tin g  to  n o te  th a t  tw o  o f  th e  th re e  g rad e  4 a n d  5 fe a tu re s  
a re  fo u n d  a t m u c h  lo w e r la ti tu d e s  th a n  p re v io u s  s tu d ie s  h a v e  d e te c te d  th e s e  fe a tu re s  
(G a lla g h e r  a n d  B alm e, 2011; J o h n s s o n  e t al., 2012).
T h e  h ig h e s t la ti tu d e  e x a m p le s  o f  lo b a te  fo rm s  a re  g e n e ra lly  g ra d e d  m u c h  lo w e r. I t  is 
p o ss ib le  th a t  th e  lack  o f  a c lea r p a t te rn  in  th e i r  d is t r ib u tio n  is d u e  to  th e  lo w  n u m b e r  o f
lo b a te  fe a tu re s  fo u n d  o v era ll. I t  is lik e ly  th a t  i f  m o re  fe a tu re s  w e re  av a ilab le  fo r 
a n a ly s is  a c le a re r  p a t te rn  w o u ld  em erg e  a n d  it  w o u ld  be possib le  to  d e te rm in e  w h ic h , i f  
an y , o f  th e se  ex am p le s  c o n s titu te  o u tlie rs  o r  o ccu r in  specific , fav o u rab le  
m ic ro c lim a te s .
8.3 Topographic Control
S in ce  e le v a tio n  a n d  a sp ec t h av e  a s ig n if ic a n t e ffec t o n  th e  te m p e ra tu re  an d  in so la tio n  
c o n d itio n s  a t th e  su rface , to p o g ra p h y  is a lso  e x p e c te d  to  be  an  im p o r ta n t  c o n tro llin g  
v a riab le . In  th e  te r re s tr ia l  case  s tu d y  d esc rib ed  in  C h a p te r  F o u r la rg e r so rte d  p o ly g o n s  
o c c u r a t h ig h e r  e lev a tio n s , w h ile  th o se  fe a tu re s  a t sea lev e l w ere  sm a lle r  in  scale (see 
i l lu s tra tio n s  th ro u g h o u t C h a p te r  F o u r an d  in  F eu ille t e t al., 2012). T h is  is lik e ly  to  be 
d u e  to  th e  d iffe re n c e  in  te m p e ra tu re  c o n d itio n s  b e tw e e n  lo w  a n d  h ig h  e le v a tio n s .
T h e  sam e  p a t te rn  o f  d is tr ib u tio n  w o u ld  n o t  be ex p ec ted  o n  M a rs  w h e re  p e rig lac ia l 
fe a tu re s  w o u ld  b e  lim ite d  to  th e  lo c a tio n s  w h e re  th e  w a rm e s t te m p e ra tu re s  o ccu r. T h e  
p re se n c e  o f  p u ta t iv e  fe a tu re s  o n  po le  fac in g  slopes a t m id  la ti tu d e s  w o u ld  su p p o rt th e  
h y p o th e s is  th a t  th e y  fo rm e d  th o u g h  p e rig lac ia l p ro cesses  d u rin g  p e rio d s  o f  h ig h  
o b liq u ity  s in ce  su ch  e n v iro n m e n ts  w o u ld  h a v e  rece iv ed  in c rea sed  in so la tio n  d u r in g  th e  
n o r th e r n  s u m m e r  a t h ig h  o b liq u ity . A  p re fe re n ce  fo r  a n  a lte rn a te  a sp ec t w o u ld  fa v o u r  a 
d if fe re n t  fo rm a tio n  m e c h a n ism .
T h e  g ra d ie n t o f  slopes o n  w h ic h  th e se  s tru c tu re s  o ccu r cou ld  a lso  be s ig n if ic a n t. S o rted  
s tr ip e s  a n d  so lif lu c tio n  fe a tu re s  a re  th e  re su lt o f  h ill  slope  p rocesses an d  so w o u ld  be 
e x p e c te d  to  o ccu r o n  s teep e r slopes th a n  so rted  p o ly g o n s  (F ra n c o u  e t al., 2001; K essle r 
a n d  W e rn e r ,  2003). A  te n d e n c y  fo r  th e se  fe a tu re s  to  be fo u n d  o n  slopes w ith  h ig h e r  
g ra d ie n ts  w o u ld  c o n se q u e n tly  su p p o r t a p e rig lac ia l h y p o th e s is , w h ile  th e ir  o ccu rren ce  
o n  f la t g ro u n d  w o u ld  n o t.
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In  o rd e r  to  assess to p o g ra p h ic  con tro l ,  m e a s u re m e n ts  fo r  aspect a n d  g ra d ie n t  w ere  
de r iv ed  f ro m  th e  global e lev a t io n  m a p  p ro d u ced  b y  th e  M a rs  O r b i t e r  Laser A l t im e te r  
( M O L A ) .  It shou ld  be n o te d  th a t  th e  re so lu t io n  o f  th is  da ta  set is v e ry  low  re la t iv e  to  
th e  size o f  th e  fea tu re s  a n d  so th is  l im i ts  th e  re l iab il i ty  o f  th e se  o b se rv a t io n s .  Idea lly  a 
s im ila r  c o m p a r is o n  w o u ld  be m a d e  u s in g  g ra d ie n t  an d  aspec t  m e a s u r e m e n t s  f ro m  
H iR I S E  d ig ita l  e le v a t io n  m o d e ls  ( D E M s ) .  U n f o r tu n a t e ly  th e se  are o n ly  ava ilab le  fo r  a 
v e ry  sm all  f ra c t io n  o f  th e  m a r t i a n  su rface  and  so th e  m a jo r i ty  o f  s ites  w h e re  p u ta t iv e  
perig lac ia l  fea tu re s  occu r  lack H iR I S E  D E M s .
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F ig u re  8.2: fe a tu re  g rad e  a g a in s t e le v a tio n , a ) p o ss ib le  so rtin g , b ) lo b a te  fe a tu re s  a n d  c)
sca llo p ed  d ep re ss io n s .
It can  be seen  th a t  all o f  these  fea tu re s  o ccu r  at a w id e  ran g e  o f  e le v a t io n s .  Lobate  
s t ru c tu re s  te n d  to  n o t  be fo u n d  at as low  e le v a t io n s  as so r ted  p a t te rn e d  g r o u n d  w i t h  no  
fea tu re s  o c c u r r in g  be low  --5000 m  e lev a t io n .  T h i s  m a y  be due  to  th e i r  n a tu r e  as a hil l  
slope fea tu re  th a t  is n o t  u su a l ly  fo u n d  o n  low  ly ing , f lat g ro u n d .  T h e  bes t  e x a m p le s  o f  
b o th  scalloped d ep re ss io n s  an d  so r ted  s t ru c tu re s  are fo u n d  at h ig h e r  e le v a t io n s  th a n  
m a n y  o f  th e  less h ig h ly  g raded  fea tu res .  H o w e v e r  n u m e r o u s  low  g rad e  fe a tu re s  are  a lso  
fo u n d  at s im ila r ly  h ig h  or  h ig h e r  e leva tions .
S ince  so r ted  s tr ipes  are also h ill  s lope fea tu re s  it w o u ld  be ex p e c te d  th a t  th e y  w o u ld  
o ccu r  at h ig h e r  e le v a t io n s  t h a n  th e  m a jo r i ty  o f  so r ted  po ly g o n s .  T h i s  does  a p p e a r  to  be 
th e  case. F igure  8.3 sh o w s  th a t  b o th  poss ib le  s t r ip e s  an d  rubb le  p iles are  g e n e ra l ly  f o u n d  
at h ig h e r  e lev a t io n s  t h a n  po lygons .  P oss ib le  s t r ip e s  o ccu r  b e tw e e n  -5000 a n d  '3500 m
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be low  th e  d a tu m ,  w h i le  p o ly g o n a l  s t ru c tu re s  occu r  over  a w id e r  ra n g e  o f  e leva tions,  
w i th  m a n y  e x a m p le s  be ing  fo u n d  b e low  -5000 m etres .  R e la t ive ly  few  ex a m p le s  are 
fo u n d  above  '3500 m etres .
a) b ) c)
-1 0 0 0  °  1 2 3 4  5 6 J o  1 2 3 4 5  6 ^  0 1 2 3 4  5  6
-2000 -2000 -2000
_ c c
• |  -3000 |  -3000 |  -3000
1 i I * i
0
-1 0 0 0  ^
) 1  
-2 0 0 0
c
§  -3 0 0 0
0  -4 0 0 0  
UJ
-5 0 0 0 1 ♦  I
-6 0 0 0
-7 0 0 0
Grade
£  -4 0 0 0  5 f  ♦  a> -4 0 0 0
UJ
-5 0 0 0   ♦  *  -5 0 0 0  a
-6 0 0 0   -6 0 0 0
-7 0 0 0   „  -7 0 0 0
Grade  Grade
F ig u re  8.3: B re a k d o w n  o f  e le v a tio n  d a ta  fo r  p o ssib le  so rted  p a tte rn e d  g ro u n d  in to  a) 
p o ly g o n s , b ) s tr ip e s  a n d  c) ru b b le  p iles.
E x a m p le s  o f  th e se  l a n d fo rm s  o ccu r  o n  slopes w i th  all aspects; h o w e v e r  th e re  is a t r e n d  
fo r  m o re  fea tu re s  to  be p re se n t  o n  n o r th  an d  s o u th  fac ing  slopes. T h i s  is m o s t  
p ro n o u n c e d  fo r  th e  loba te  fea tu res;  h o w e v e r  th e  sm all  n u m b e r  o f  these  la n d fo rm s  
l im i ts  th e  re l iab il i ty  o f  th is  t re n d .  It is h o w e v e r  in te re s t in g  to  n o te  th a t  b o th  ex am p le s  
o f  g rade  f ive lobate  s t ru c tu re s  o ccu r  o n  so u th -fac in g  slopes, w h e re a s  m e d iu m  graded  
fe a tu re s  are fo u n d  o n  b o th  n o r th  an d  s o u th  fac ing  aspects .
S u b s ta n t ia l ly  m o re  ex a m p le s  o f  b o th  possib le  so r t ing  sites a n d  sca lloped d ep re ss io n s  are 
f o u n d  o n  n o r th  or s o u th  fac ing  slopes t h a n  o n  th o se  w i th  an  ea s te r ly  o r  w e s te r ly  aspect. 
H o w e v e r  in  n e i th e r  case is a n o r th e r ly  o r  so u th e r ly  a spec t  d ra m a t ic a l ly  m o re  c o m m o n  
t h a n  th e  o th e r .  T h i s  b ias m a y  suggest  t h a t  these  la n d fo rm s  m a y  be o ccu rr in g  equa lly  on  
s lopes  t h a t  are h ig h  in so la t io n  e n v i r o n m e n ts  b o th  in  th e  p re se n t  d a y  a n d  d u r in g  past 
p e r io d s  o f  h ig h e r  ob liqu ity .
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F ig u re  8.4: d is tr ib u tio n  o f  p o ss ib le  p e rig lac ia l la n d fo rm s  b y  a sp ec t, a ) S o r te d  fe a tu re s ,
b ) lo b a te  s tru c tu re s , c) sca llo p ed  d e p re ss io n s .
T h e  m o rp h o lo g y  o f  so l i f lu c t io n  lobes is d e p e n d e n t  o n  slope, as t h e y  a s s u m e  a lo b a te  
m o rp h o lo g y  o n  slopes o f  g rea te r  t h a n  f ive degrees  (B a l la n ty n e  a n d  H a r r i s ,  1994), at 
w h ic h  p o in t  t h e y  t r a n s i t io n  f ro m  a m o re  shee t  like s t ru c tu re s  fo u n d  o n  sh a l lo w e r  
slopes. T h e  p lo t  o f  g ra d ie n t  for m a r t i a n  lobate  s t ru c tu re s  t h u s  agrees  fa ir ly  w e l l  w i t h  
th e m  be ing  so li f lu c t io n  fea tures .
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Figure 8.5: Plots of the variation in feature grade w ith  underlying slope, a) possible 
sorting, b) lobate features and c) scalloped depressions.
T h e  m a jo r i ty  o f  lobate  fea tu re s  are fo u n d  o n  slopes o f  5° g ra d ie n t  or m ore ,  a l th o u g h  one 
o f  th e  h ig h e s t  g raded  e x a m p le s  occu rs  at a m u c h  lo w er  g ra d ie n t  ca s t ing  som e  d o u b t  on 
th e  c lass if ica t ion  o f  t h i s  site ( i l lu s t ra te d  in  F igu re  7.10 in  th e  p rev io u s  ch ap te r ) .  Several 
m e d iu m  g rad ed  fea tu re s  o ccu r  o n  slopes as h ig h  as 15 degrees  w h ic h  w o u ld  n o t  be 
u n c o m m o n  fo r  te r re s t r ia l  so l i f lu c t io n  lobes. H o w e v e r  th e se  n u m b e r s  m u s t  be trea ted  
w i th  cau t io n ,  s ince th e  low  d e n s i ty  o f  M O L A  p o in ts  m e a n s  th a t  g ra d ie n t  is p o te n t ia l ly  
ave raged  o v e r  a la rge r  area th a n  th e  slopes o n  w h ic h  th e  fea tu res  ac tua lly  occur. H ig h e r  
r e s o lu t io n  d ig i ta l  e le v a t io n  m o d e ls  w o u ld  n eed  to  be g en e ra te d  to  r ig o ro u s ly  te s t  th is  
h y p o th e s is .
H ig h  g raded  so r ted  p a t te rn s  te n d  to  o ccu r  on  lo w er  g ra d ie n t  slopes. B reak ing  d o w n  the  
p o ss ib ly  so r ted  fea tu re s  in to  th e i r  in d iv id u a l  ca tegories  revea ls  som e d iffe rences  
b e tw e e n  th e  th re e  ty p e s  as s h o w n  in  F igure  8.5. T h e  m a jo r i ty  o f  p o ly g o n a l  s t ru c tu re s  
are  fo u n d  o n  slopes w i t h  a g ra d ie n t  o f  less t h a n  e ig h t  degrees. T h e  m a jo r i ty  o f  sites 
w h ic h  occu r  o n  s teeper  slopes are g rad ed  m u c h  low er .  T h e  few  e x a m p le s  o f  g rade  five 
p o ly g o n s  are  all o n  v e ry  low  g ra d ie n t  s lopes a n d  th e  ran g e  o f  g rad ien ts  can  g en e ra l ly  be 
seen  in  inc rease  as co n f id e n c e  in  th e  fea tu re s  decreases .
Grade Grade Grade
Figure 8.6: V ariation in sorting grade w ith  slope gradient, a) Sorted polygons, b) 
stripes and c) rubble piles.
F ew er  ex a m p le s  o f  s tr ipes  occu r  b u t  t h e y  are fo u n d  o v e r  a w id e r  r a n g e  o f  g ra d ie n ts  t h a n  
p o ly g o n a l  s t ru c tu re s .  O n c e  aga in  th e  h ig h  g ra d ie n t  s lopes are l im i te d  to  th e  lo w e r  
g rad ed  exam ples .  T h e  h ig h ly  g rad ed  in s ta n c e s  b o th  occu r  o n  lo w e r  slopes, a l th o u g h  in 
b o th  cases th e se  are fo u n d  o n  c ra te r  w alls ,  an d  so are d e f in i te ly  n o t  flat surfaces ,  ev en  if  
th e y  occu p y  a low  g ra d ie n t  p ixe l  in  th e  low  re so lu t io n  M O L A  d ig ita l  e le v a t io n  m odel .  
N e i th e r  e x a m p le  o f  h ig h ly  g rad ed  s t r ip es  is as fla t  as th e  less t h a n  tw o  degree  s lopes o n  
w h ic h  th e  h ig h es t  g rad ed  p o ly g o n s  are fo u n d .  Rubble  piles are all fo u n d  o n  re la t iv e ly  
low  g ra d ie n t  slopes, th e  m a jo r i ty  o f  fea tu re s  are fo u n d  on  slopes o f  less t h a n  o n e  degree, 
w h ic h  is in  s ta rk  c o n tra s t  to  th e  ex a m p le s  o f  so r ted  stripes.
In  th e  L o m o n o so v  area, w h e re  th e  m o s t  n u m e r o u s  e x a m p le s  o f  p a t t e rn e d  g ro u n d  occur, 
th e re  are tw o  e x a m p le s  o f  possib le  so r ted  s tr ipes .  B o th  sites w i t h  poss ib le  s t r ip e s  occu r  
on  s teeper  slopes, b u t  sites w i th  possib le  p o ly g o n s  do n o t  seem  to  be c o n tro l le d  b y  th e  
g rad ien t .  For  exam ple ,  som e  possib le  p o ly g o n s  occu r  o n  re la t iv e ly  s teep  s lopes n e a r  th e  
edge o f  L o m o n o so v  C ra te r ,  a l th o u g h  th e  m a jo r i ty  are fo u n d  e i th e r  in  th e  c ra te r  in te r io r  
o r  on  th e  flat s u r ro u n d in g  pla ins . I t  sh o u ld  be n o te d  th a t  th e  o v era ll  r a n g e  o f  g ra d ie n ts  
fo u n d  across  th e  s tu d y  area is v e ry  sm all  -  as it is o v e r  m u c h  o f  t h e  low  ly in g  n o r t h e r n  
p la ins .
B o u lde r  c lu s te rs  as a w h o le  are s l ig h t ly  m o re  c o m m o n  o n  s o u th  fac ing  slopes, a n d  least  
c o m m o n  o n  East a n d  W e s t  fac ing  slopes. H o w e v e r  th is  is l ik e ly  to  be d u e  to  a b ias  in
the sam pling as H iRISE images are not evenly distributed across the areas where the 
m ajority  o f boulder clusters occur.
In  general the d istribution of sorted patterned ground and lobate structures across 
different gradients of hill slope does m atch the pattern  expected if  they were formed 
through the same processes that result in the terrestrial periglacial features, but analysis 
of these features using higher resolution D EM s would be required to conclusively 
dem onstrate this.
8.4 Presence o f  Near-Surface Ground Ice
As previously discussed the existence of a periglacial environm ent is predicated on the 
assum ption tha t near-surface ground ice is present. T he concentration of w ater 
equivalent hydrogen in the near surface is thus a useful indicator of w hether ground ice 
is present at these sites.
Periglacial processes are associated w ith  the presence of excess ice, w hether in the form
o f ice wedges, lenses or needle ice. Excess ice occurs w hen the volume of ice exceeds the
pore volum e of the soil. Estim ates o f soil porosity for the phoenix landing site are in
the range of 440/0-50.5% by volume, based on a m ixture o f bulk basalt and hem atite
w hich would produce the m easured volum etric heat capacity (Z ent et al., 2010).
Consequently, an excess o f 40-50% ice by volume would be expected to equal or exceed
the available pore space. Since w ater ice has approxim ately one th ird  the density of
basalt it can be assumed that W ater Equivalent H ydrogen (W E H ) in excess of 20-25%
(a proportion of 0.2-0.25) by mass is indicative of excess ice in the near subsurface. T his
value should be treated w ith  caution since it is based on a num ber of assum ptions
regarding the com position, density and porosity of m artian  soils w hich m ay not hold
true over every site where putative periglacial features are observed. H ow ever it
provides a rough threshold for the  am ount of W E H  w hich w ould be expected at a
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perig lac ia l  site. F u r th e rm o re  W E H  m e a s u re m e n ts  are l im ite d  to  th e  u p p e r  p a r t  o f  the  
soil c o lu m n ;  it is poss ib le  t h a t  a site w i th  a lo w e r  W E H  cou ld  still h a v e  excess  ice 
d eep e r  w i th in  th e  subsurface .
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Figure 8.7: V ariation in  feature grade w ith  proportion o f w ater equivalent hydrogen in 
the near subsurface (by m ass) all values given here and in the tex t are based on 
m easurem ents o f epitherm al neutrons unless stated otherwise, a) Sorted patterned 
ground, b) lobate features, c) scalloped depressions.
T h e  g ra p h s  in  F igu re  8.7 sh o w  th e  p ro p o r t io n  o f  W a t e r  E q u iv a le n t  H y d r o g e n  (by  
m a ss )  in  th e  n e a r  subsu rface  at th e  s ites w h e re  possib le  perig lac ia l  fe a tu re s  occur. T h e  
s ta b i l i ty  o f  n e a r  su rface  ice is co n tro l led  by  la t i tu d e  as d iscussed  ea r l ie r  in  th i s  c h ap te r ,  
so l a n d fo rm s  th a t  occu r  at h ig h e r  la t i tu d e s  are also l ike ly  to  o ccu r  w h e r e  th e re  is a 
h ig h e r  p ro p o r t io n  o f  W E H  w i th in  th e  u p p e r  la y e r  o f  th e  g ro u n d .
L obate  s t ru c tu re s  a n d  clas tic  p a t te rn e d  g ro u n d  are fo u n d  in  lo ca t io n s  w i t h  th e  h ig h e s t  
W E H .  S o m e  fe a tu re s  are  fo u n d  at s ites  w i th  300/0-4 0 % W E H ,  in d ic a t in g  a v e ry  ice-r ich  
su b s tra te  w h e re  excess  ice is l ike ly  to  be p re se n t .  T h e  m a jo r i ty  o f  g rad e  5 so r t in g  s ites  
h av e  a W E H  b e tw e e n  1 0 %  an d  200/0, w h ile  so m e  lo w er  g raded  s i tes  h a v e  W E H  as h ig h  
as 400/0. T h e  h ig h e s t  g raded  lobate  s t ru c tu re s  are  q u i te  spread  o u t  in  W E H ,  o n e  site  
h a v in g  a re la t iv e ly  low  va lue  o f  7 .40/0 w h ile  th e  o th e r  is h ig h e r ,  a ro u n d  24%. T h e  
m a jo r i ty  o f  lo w er  g raded  fea tu re s  are also w i th in  th i s  range.
T h e s e  h ig h  W E H  sites su p p o r t  a perig lac ia l  h y p o th e s i s  s ince  t h e y  c o n f i r m  th a t  th e  
la n d fo rm s  are p resen t ,  th o u g h  n o t  n ecessa r i ly  fo rm in g ,  in  an  ice-r ich  e n v i r o n m e n t .  
H o w e v e r  m a n y  fea tu re s  are also fo u n d  at lo ca t io n s  w i th  m u c h  lo w e r  W E H .  T h e
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features at these sites could have form ed during a period where more w ater ice was 
available at these latitudes (it is predicted to have been stable over m uch of the planet 
during some periods), or they m ight not be periglacial in nature.
Even small percentages of ground ice are significant. T he lowest W E H  at w hich grade 
four or higher lobes are found is around 50/0 and the equivalent value for possible sorting 
is io°/o. W hile  these are lower than  the threshold for excess ice they are still fairly high 
ground ice fractions compared to equatorial latitudes, where little or no ice is present. 
These results would thus seem to support an ice related form ation m echanism , even if 
there isn’t as m uch ice in the present day as m ight be expected.
Scalloped depressions are m ostly  found at sites w ith  lower W E H , w ith  m ost sites 
having a lower W E H  than  the threshold for excess ice. T his is probably due to the 
location of these features at predom inantly  lower latitudes where there is less stable ice 
in the near subsurface. Ice probably exists below the depth to w hich the N eutron 
Spectrom eter can penetrate.
T he presence or absence of frost in the vicinity of a feature can serve as an indicator of 
clim ate at the  tim e the image was captured, though again not at the tim e the feature 
form ed. M any fracture polygons exhibit bright m aterial w ith in  the troughs w hich 
could be w ater ice. T he presence of sharp un-degraded fractures in m any locations 
suggests th a t they have form ed in the  recent past.
T he W E H  at the sites w ith  possible periglacial assemblages were of particular interest. 
It was found tha t W E H  values in proxim ity  to these sites range from  3.4% to 26%. 
O nly  three assemblages have a W E H  m easurem ent above 20%. These sites are all at 
h igh northern  latitudes and feature various perm utations of clastic patterned ground. 
Tw elve sites have W E H  in excess of 10%. These sites contain a variety of landform s, 
representing all feature types under exam ination in various com binations.
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O nly  one site contains all o f the  landforms: scalloped depressions, gullies, sorted 
patterned ground (in  the form  of stripes) and lobate structures. T h is  occurs in H iRISE 
image E S P _ o i 6 8 i o _ 2 2 6 o  in a cratered terrain  region of U topia Planitia in  an unnam ed 
im pact crater on the edge o f the M ie C rater ejecta blanket. T his site has a relatively low 
W E H  of 8 .0 2 %  for epitherm al neutron  and 5 .8 6 %  for fast neutrons, both well below the 
threshold for excess ice in  the near subsurface. T h is m ay suggest th a t these features 
form ed during a period w hen m ore ground ice was present, or tha t they did not require 
a very large proportion of ice to develop.
8.5 Comparison to Geological U nits
It was also decided to test w hether there was any correlation betw een the occurrence of 
possible periglacial features and any of the  geological units m apped for the northern  
plains by Tanaka et al., ( 2 0 0 5 ) .  H ow ever putative landform s and assemblages were 
found to occur indiscrim inately over m ost of the geological un its  w ith in  the study 
areas. M ost occur on the V astitas borealis in terior unit, but th a t is likely because this 
un it covers the largest area of the survey. All o f the represented terrains have at least 
some examples of possibly periglacial features as show n in Figures 8 . 8 - 8 .1 0 .  It is no t 
thought tha t these features favour any one un it over another.
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Figure 8.8: D istribu tion  of possible periglacial assemblages plotted over the northern  
plains geological m ap of Tanaka et al., (2005). A n enlarged version of this figure can be
found in appendix 2.
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Figure 8.10: D istribution o f Sorted Features and Lobate S tructures over the geological 
m ap of the northern  plains. A n enlarged version of th is figure can be found in
appendix 2.
8 . 6  Summary
In sum m ary the distribution of m any of these features provides evidence for a 
periglacial analogue. M any examples of clastic stripes and lobate structures are found at 
higher elevations than  features w hich would not be expected to  develop on hill slopes 
and the gradients on w hich they are found are consistent w ith  the m orphologies of 
terrestrial sorted stripes and solifluction lobes.
A lthough not all of the examples described in C hapter Seven occur in  ice-rich 
environm ents, m any do. Some of the  best examples of sorted patterned  ground are 
found at sites where W E H  would indicate the potential for excess ice in the near 
subsurface.
Scalloped depressions are largely found at low latitudes and th is puts them  outside the 
area where excess ground ice is estim ated to occur. The lack of ground ice at these 
latitudes along w ith  the degraded nature of m any of these features could support an 
older form ation age and this will be exam ined in m ore detail for the  case study in 
C hapter Ten.
N o particular link  is found betw een the d istribution o f these features and the  geological 
units m apped by Tanaka et al., (2005). These features are not thought to  develop 
preferentially in  any one geological environm ent. T he ir d istribution is m ore likely to 
be controlled by environm ental and situational param eters. W h en  the topography and 
availability of ground ice are exam ined some correlations are found betw een h igher 
graded features and the param eters w hich would be expected to control them  were they  
periglacial.
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9 Chapter Nine: Assessing the hypothesised formation 
mechanisms for martian clastic patterned ground.
9.1 Introduction
A variety  of possible form ation m echanism s have been put forward to explain the 
examples o f clastic patterned ground discussed in Chapters Five and Seven. In this 
chapter several of these hypotheses, periglacial sorting, gravitational sorting and 
boulder ratcheting by C 0 2 frost, will be exam ined to assess the likelihood tha t they are 
responsible for the form ation o f these landform s.
Since sorted patterned ground is characteristic o f a periglacial landscape on Earth, its 
presence on M ars could provide strong evidence for ground ice thaw  in that area. If  
alternate hypotheses can be dem onstrated to explain these landform s w ithout the need 
for thaw ing o f ground ice then  the presence of this landform  is less significant.
M artian  features around Lomonosov C rater are exam ined to test the viability of the 
frost ratcheting and gravitational sorting, collectively referred to as the “fracture 
controlled” m echanism s. T he second part of the chapter then  compares the morphology 
of these features to terrestrial analogues.
9.2 Background
T he cold, dry conditions of the m artian  environm ent cast some doubt on the veracity 
o f a periglacial explanation for these features. Consequently, some researchers have 
proposed alternate m echanism s w hich m ight allow the developm ent of m artian  clastic 
patterned  ground w ithout needing to invoke periglacial processes.
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Three m ain hypotheses have been proposed to explain the form ation of the boulder 
patterns observed on the northern  plains o f M ars. It has been suggested tha t they  could 
have form ed as a result of thaw , either during past periods of h igh obliquity, or in m ore 
recent tim es due to the influence o f perchlorate brines (e.g. G allagher and Balme, 2011)
A lternately these structures could result from  the interaction of boulder strew n ground 
w ith  fracture polygons. T his could occur through gravitational sorting (Levy et al., 
2010, 2008a; M ellon et al., 2008) or more exotic processes involving ratcheting of 
boulders trapped in C arbon Dioxide frost (O rlo ff et al., 2013). These possibilities, w hich 
w ill collectively be referred to as the Fracture C ontrol hypotheses can be assessed by 
determ ining w hich examples of clastic patterned ground superpose fracture polygons. 
In  locations where both types of netw ork  are collocated the patterns can be com pared to 
determ ine w hether boulder d istributions m atch those o f the underlying fracture nets, 
and w hether boulders appear to have fallen into contraction cracks through 
gravitational sorting. Each o f these hypotheses is briefly discussed below.
9.2.1 B o u ld e r R a tc h e tin g
In  the boulder ratcheting model o f O rlo ff et al., (2013) it has been suggested th a t 
apparently sorted, clastic netw ork features could result from  the in teraction  o f boulders 
w ith  a layer of carbon dioxide frost. In  the w inter, the tem peratures drop and C 0 2 from  
the atm osphere condenses to form  a slab o f frost up to a m etre deep, trapping loose 
boulders. These boulders are locked in place by the C 0 2 frost and so are no t m oved 
w hen therm al contraction cracks open in the ground due to the change in tem perature. 
W h en  the tem perature rises again it triggers the  sublim ation o f the  carbon dioxide frost 
and the closing of the contraction cracks. T he boulders are now  free to m ove and so 
there will be a net m igration tow ards the contraction cracks. A ccording to  O rlo ff et al.,
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(2013), th is w ould result in the form ation of a clastic net parallel to the underlying 
fracture net.
9.2.2 G ra v ita t io n a l  S o r tin g
It has been suggested tha t boulder patterns in the m artian  high latitudes could result 
from  the gravitational sorting of large clastic m aterial (Levy et al., 2010, 2008a; M ellon 
et al., 2008). In this m odel the presence of degraded fracture patterns can result in the 
slum ping and rolling of clastic m aterial into the topographic lows, producing clastic 
polygons (Levy et al., 2008a). This hypothesis would neither require the action of 
freeze thaw  nor an interaction of boulders w ith  carbon dioxide frost. Consequently it 
would provide a sim pler m echanism  to explain the observed structures at sites where 
fracture control is apparent.
9.2.3 P e rig la c ia l s o r tin g
T he form ation  of sorted patterned ground through freeze-thaw sorting has been 
discussed in detail in chapter two. C hapter three has presented the m echanism s that 
could allow thaw ing to occur in the M artian  environm ent. In sum m ary it seems likely 
tha t the  presence of brines such as perchlorate in the m artian  near surface will depress 
the  freezing point and allow thaw  to occur (H echt, 2002; M arion et al., 2010). The 
recent detection by O jha et al., (2015) of hydrated salts in the vicinity o f recurring slope 
lineae (RSL) in the equatorial regions of M ars lends considerable w eight to this 
hypothesis.
Periglacial m orphology is not as easily identified as fracture controlled arrangem ents 
are. T he absence of a controlling fracture netw ork at a site does not prove that it 
form ed th rough  th is m echanism . H ow ever a variety of terrestrial studies have 
described the form  and structure of periglacial features. These characteristics provide a
baseline to assess w hether m artian  patterned ground is m orphologically sim ilar to 
terrestrial analogues, or w hether there are key differences w hich m ight suggest a 
different form ation m echanism .
O f particular in terest to  th is investigation are studies where the gradient at w hich 
sorted polygons transition  to a stripe like m orphology. Estim ates o f circle size across a 
wide range of environm ents are also im portan t in constraining the range o f feature 
scales extant on Earth.
O ne of the first studies to system atically classify sorted patterned  ground 
morphologies was tha t of W ashburn , (1956). T his study characterised different 
patterned ground types including sorted polygons, stripes and labyrin ths as well as non 
sorted patterned ground. This study provides a thorough review of the older literature 
on sorted patterned ground and form ed the basis for m uch of the later w ork on the 
subject. Examples are cited across the  terrestrial cold clim ate regions. W ashburn  
reports features at a variety  of scales. Polygons o f up to 10 m  in diam eter are described, 
but larger sorted circles are only said to be up to three m etres across. Sorted stripes w ith  
w idths of 1.5 m  are described and the transition  from  polygons to  stripes is noted to 
occur on slopes o f 3 - 7 degrees. W ashburn  (1979) reports tha t stripes do no t persist on 
the steepest slopes, in excess of 40 degrees. G oldthw ait, (1976) reports th a t sorted 
patterns are not usually found on slopes greater than  20 degrees. T h is review  describes 
larger sorted form s as being in the range o f 2 to 20 m.
Later studies support these observations. T he studies o f H allet et al., (H alle t, 2013; 
Prestrud and Hallet, 1986), report circular features in the 3-4 m etre range at th e ir study 
areas in Spitsbergen although they note that elongated features can be larger. W ern e r 
and H allet, (1993) model the  developm ent o f sorted stripes. T hey  note th a t stripes are 
found on gentle hill slopes but do not cite the gradients at w hich the tran sition  from
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polygons to stripes occurs. Sim ilar observations are made by N icholson, (1976) who 
notes th a t elongated form s are generally found as a transitional feature betw een sets of 
stripes and m ore sym m etrical polygonal features. Ray et al., (1983) report that the 
transition  to stripes generally occurs on slopes betw een 3 and 7 degrees, although they 
are likely reporting the figure given by W ashburn, (1956). This study emphasises that 
predicting the transition  w ith  slope is a key feature that models of sorted patterned 
ground m ust replicate. T his reinforces that this is a diagnostic feature of periglacial 
patterned ground.
K rantz, (1990) describes sorted polygons grading into stripes on a slope of 2-3 degrees. 
T h is would seem to suggest tha t stripes can occur on shallower slopes. Since a 
transitional region is characterised by increasingly elongated polygons it is likely that 
d ifferent studies have identified the cut off betw een polygons and stripes at different 
points. T hey  suggest tha t the elongation of polygonal netw orks is due to the increased 
drainage of steeper slopes, w hich elongates the shape of subsurface convection cells 
from  w hich these patterns originate.
B allantyne and M atthew s, (1982) describe the structure of sorted circles in N orw ay and 
note tha t discontinuous netw orks are present at their site. T his fits w ith  some of the 
observations of m artian  features w hich do not exhibit a coherent coarse dom ain. They 
report tha t the largest circles observed at the site were 3.5 m eters in diam eter, w ith  m ost 
being under a m etre. Features larger than  1.5 m  in diam eter are only found on the crests 
o f m oraines w hich they hypothesise to experience a m ore extrem e tem perature regime.
9.2.4 A im s
T he aim  of th is chapter is to test the viability o f each o f these proposed form ation
m echanism s. Fracture control is assessed in section 9.3. T he relationship betw een
boulder netw orks and underlying fracture netw orks is characterised across the
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Lomonosov C rater study area. If  these features form ed as a result of fracture control 
then  boulder netw orks would be expected to have the same general pa ttern  as the 
underlying fracture netw orks. T he gravitational sorting m echanism  w ould sort 
boulders into the fracture troughs, while the boulder ratcheting hypothesis w ould be 
m ore likely to produce lines of clasts parallel to the fractures. Section 9.4 then  exam ines 
the periglacial hypothesis. T his m echanism  would not produce a fracture controlled 
arrangem ent, but the absence of a fracture relationship is insufficient to accept a 
periglacial hypothesis. T he best indicator o f periglacial sorted patterned ground is the 
elongation of polygons w ith  increasing slope and th is is discussed for exam ples from  
this study area. T he effect of the lower m artian  gravity on the scale of sorted features is 
also exam ined.
9.3 Testing the Fracture Control H ypotheses.
If  the hypothesis tha t the organisation of clasts is controlled by underlying fracture 
patterns is correct then  the observed boulder nets would be expected to occur on terrain  
containing well-developed fracture netw orks, and the d istribu tion  of clasts should 
follow the pattern  o f the fractures. Consequently, it is possible to assess w hether the 
patterns of the  boulder nets in a sample region appear to be fracture controlled, or 
w hether the organisation of clasts appears to be independent of any therm al contraction  
polygons.
T he region of extensive patterned ground around Lomonosov C rater in  the  n o rth  of 
Acidalia Planitia was chosen for th is study since it had the largest num ber o f clastic 
patterns of any site in the survey, and it has already been dem onstrated in C hapter Five 
tha t these patterns are significantly different from  a random  distribution.
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In  th is study all of the  147 boulder patches described in C hapter Five were examined. 
For each, the presence or absence of netw orks of fractures and clasts were recorded as 
was the relationship betw een the networks.
9.3.1 R esu lts
Each site consists of a single boulder patch, w hich m ay or m ay not contain an 
underlying fracture netw ork or exhibit organisation of clasts. These sites are typically a 
square kilom etre in area. Fractures are found in 13 out of the 16 H iRISE images 
surveyed, but are m uch less com m on in the images covering the crater interior: very 
faint fractures can be seen at a few sites, but m ost boulder patches w ith in  Lomonosov 
crater itself do not overlay fracture nets at all. Images covering the plains beyond the 
ejecta of Lomonosov C rater exhibit m ore pronounced fracture nets.
Table 9.1: Summary o f results o f the analysis to determine how many sites exhibited
fracture control.
N o Fractures 55 / i 47
Fractures uncertain 7 / i 47
Fractures present 85 / i 47
Present, bu t no relationship to clasts 36 / i 47
Present, uncertain relationship 35 / i 47
Present, clear relationship 21 / i 47
Sites w ithou t fracture control 9i / i 47
Fractures are present in  85 of the 147 boulder patches and are tentatively  or uncertainly
identified in  a fu rther seven. Fifty-five boulder patch sites definitely do not exhibit
fractures. O f  the sites where fractures can be found only 21 show a clear relationship
betw een the arrangem ent of clasts and the underlying fracture net. A  further 35 sites
have an uncertain  relationship, in w hich it is not clear w hether the organisation of
clasts m irrors tha t o f an underlying fracture net. Even if the presence of a fracture net
controls the  organisation of boulders at these sites there rem ain 91 sites where there is
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no link betw een the two, either due to the absence of fractures or the absence of a clear 
relationship betw een the patterns.
Table 9.2: Sum m ary o f Results
HiRISE Image
Boulder
clusters
Showing
Organisation
Max
Sorting
Grade
Description FracturesPresent
Fracture Control 
Evident
ESP_oi758o_246o 21 21 3 C lasts by fractures 2 2 possib le
ESP_0279i8_2455 1 1 3 L ines o f  clasts 0 0
PSP_O0744o_2455 3 3 4 D isco n tin u o u s net 3 1 possib le
P SP _oio644_2455 14 14 4 D isco n tin u o u s net 0 0
ESP_02644i_246o 9 8 2 D isco n tin u o u s net 1 0
T R A _ooo846_2475 3 3 3 L ines o f  clasts 3 3 certain
ESP_oi7i3i_2485 27 14 2 P ossib le  clustering 26 9 possib le, 1 certain
E SP _oi7632_2475 28 20 4 D isco n tin u o u s net 23 15 possib le , 1 certain
ESP_oi99c>o_247o 1 1 3 Lines o f  clasts 1 1 certain
E SP_o2685o_2475 5 5 5 C lastic  stripes 5 5 certain
E SP_o25769_2435 1 0 3 Lines o f  clasts 0 0
PSP_oioo5i_2435 6 6 3 Faint net 5 x possib le , 2 certain
PSP_ooi520_247o 2 2 4 D isco n tin u o u s net 2 2 certain
ESP_023738_24i5 6 4 0 N o  sorting 4 3 possib le
ESP_025294_24i5 10 10 4 P ossib le  stripes 5 3 possib le , 2 certain
ESP_oi7c>79_24io 8 7 3 C lasts by fractures 8 1 possib le , 4  certain
ESP_02644I_246o 2 2 3 N o  sorting 0 0
T he Presence or absence of an underlying fracture net was also filtered against the  
sorting grade classifications, defined in Figure 5.7, to assess w hether the presence o f an 
underlying fracture net appeared to be responsible for the degree o f boulder 
organisation at these sites. Table 9.3 sum m arises the num ber o f sites o f each sorting 
grade w ith  and w ithout fractures and the num ber of sites w hich appear to  exhibit 
fracture control. In  cases where the num ber o f sites w ith  or w ithou t fractures and w ith  
or w ithout fracture control do not add up to the total it is because sites w here a fracture 
net is uncertain  have not been counted.
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It can  be seen  th a t  th e  sites w i th o u t  f rac tu res  gen era l ly  hav e  a h ig h e r  so r t ing  g rade  th a n  
th o se  w i th  frac tu res ,  w h i le  th e  sites w h e re  f rac tu re s  are p re se n t ,  b u t  u n re la ted ,  are also 
co rre la ted  w i th  h ig h e r  so r t in g  grades t h a n  s ites  w h e re  th e re  does seem  to  be a 
re la t io n sh ip .
Table 9.3: Fracture control assessment.
Grade Description
All
Sites
W ith
Fractures
W  ithout 
Fractures
Fracture
Control
No
Relationship
HiRISE
Images
0
N o  ev id en ce  o f  
o rgan isa tion
26 21 4 0 23 6
1
U n certa in
c lu ster in g 32 27
2 6 9 7
2
C lu ster in g  o f  
clasts 38 23 15 9
21 13
3
C lear lin es and  
arcs 35
10 22 5 25 12
4 D isc o n tin u o u s  net 15 3 12 1 12 4
5 C o n tin u o u s  n et 1 1 0 0 1 1
T otal: 147 85 55 21 9i 16
In  m a n y  cases sites w h e re  th e  tw o  n e tw o r k  ty p e s  do app ea r  to  be re la ted  cons is t  o f  
c lu s te rs  o f  bou ld e rs  sepa ra ted  b y  th e  f rac tu res ,  r a th e r  t h a n  lines  o f  c las ts  fo l lo w in g  
f ra c tu re  l ines, o r  d is c o n t in u o u s  n e ts  su p e r im p o se d  o n  th e  f rac tu re  p a t te rn .  T h i s  
m o r p h o lo g y  is to  be ex p ec ted  a n y w h e re  a f rac tu re  n e t  c ross -cu ts  a b o u ld e r  field  an d  so 
is n o t  in d ic a t iv e  o f  th e  b o u ld e r  r a tc h e t in g  p rocesses  p roposed  by  O r lo f f  et al., (2013). It 
is a lso  n o t  co n s is te n t  w i th  th e  g ra v i ta t io n a l  so r t ing  m e c h a n i s m  in  w h ic h  clasts  are 
c o n c e n t r a te d  b y  s lu m p in g  in to  p o ly g o n -  b o u n d in g  t ro u g h s  (L evy  et al., 2010; M e l lo n  et 
al., 2008).
A ll  s i tes  e x h ib i t in g  p robab le  f ra c tu re  c o n tro l  o n  th e  clastic  p a t te rn s  are located  o n  the  
p la in s  b e y o n d  th e  ejecta o f  L o m o n o so v  C ra te r .  T h i s  is p ro b ab ly  p a r t ly  due  to  th e  low er  
p r o p o r t io n  o f  f ra c tu re  p a t te rn s  w i th in  th e  c ra te r  in te r io r .
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There are only three images where all o f the boulder halos appear to exhibit fracture 
control: all of the  sites w ith in  ESP_02685o_2475 appear to be fracture controlled. These 
features consist of clastic netw orks ranging from  grade i to grade 3. Some of these 
features include coherent lines of clasts following the underlying fractures. T he same is 
found in PSP_ooi520_2470, where both boulder clusters (grade 2 and 3 respectively) 
exhibit a degree of fracture control. H ow ever, in this instance the fractures are m uch 
fainter. TRA_ooo846_2475 is the only o ther image where all of the  sites appear fracture 
controlled, but here all of the sites w ith in  the image are grade 2 and so do n o t suggest a 
very strong likelihood that sorting is present in the first place.
Several o ther images have a few boulder patches w hich appear to exhibit fracture 
control, usually corresponding to patches w ith  low sorting grades. T he only grade four 
site to exhibit fracture control is in ESP_025294_24i5, to the south o f Lomonosov crater. 
T his site overlays faint fractures, w hich are m ore pronounced elsewhere in  the image. 
H ere the discontinuous net definitely reflects the underlying fracture pattern . O ne 
other site in th is image contains a grade four net w ith  underlying fractures, bu t here 
there is less well-expressed fracture control. PSP_oioo5i_2435 contains a grade four 
discontinuous clastic net w ith  possible fracture control from  the fain t underly ing 
polygons, but here it is impossible to be certain  th a t the fractures and the clastic ne t are 
consistent in orientation and location.
9.3.2 B o u ld e r ra tc h e tin g  o r  g ra v ita tio n a l so r tin g ?
T he two fracture control hypotheses would produce a different arrangem ent o f clasts. 
I f  gravitational sorting predom inates then  clasts would be expected to be found inside 
troughs or overlying fractures. If  boulder ratcheting is producing the arrangem ents 
then  boulder patterns would be expected to follow the lines of fractures, but no t to 
overlay them .
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In order to determ ine w hether either of these situations predom inated w ith in  the 
fracture controlled sites the relationship betw een clasts and fractures was characterised. 
O f  the sites where fracture control m ight have been present the likelihood of fracture 
control was assessed and the type of relationship categorised. T he results are 
sum m arised in Table 9.4 while table 9.5 lists w hich sites dem onstrated each type of 
relationship.
Table 9.4: Categorisation o f fracture control relationships around Lomonosov crater.
C last-fracture relationship N um ber  
o f  sites
Clustering between fractures 4i
Clasts in troughs 4
Uncertain 11
It can be seen that the m ajority of sites where fracture control is possible have a 
tendency for clasts to be clustered betw een or around the fractures, rather than  
overlaying or w ith in  them . Sites where clasts can be seen to be in troughs are few and 
far between, although these are m ore likely to be definite fracture control sites, due to 
the  clearer relationship m aking it easier to determ ine w hether they are related. M any of 
the  sites where boulders are clustered betw een fractures are categorised as possibly 
exhibiting fracture control, but w hether they are or not is often uncertain.
T his would seem to suggest tha t a boulder ratcheting hypothesis is m ore likely to 
explain sites where fracture control is evident. H ow ever the  generally low proportion 
of sites where fracture control is likely m eans that these features m ay sim ply occur 
through chance. M any sites have uncertain  fracture control; relatively few have a 
definite relationship betw een the positions of the clasts and the underlying fracture 
pattern . O ver the entire H iRISE survey only seven sites were found where clastic
patterned ground consisted of clasts clustered w ith in  troughs. These sites are found in: 
ESP_o23738_24i5, E S P _ o i7079_24io , P S P _ o o 8204_2 440 , E SP_oi9o83_2395,
ESP_oi8990_2395, PSP_oo6872_2275, and PSP_oo7738_248o (Figure 7.22).
9.3.3 S u m m a ry
W hile  fracture control m ay be responsible for some of the lower grade features w ith in  
the study area, it is clear tha t the m ajority of the discontinuous nets across the area are 
not fracture controlled. In particular while the sorted stripes in ESP_oi7i3i_2485, the 
only feature to score a grade five on the classification scheme w ith in  this study area, do 
overlay a fracture net; they do not exhibit any evidence of fracture control. T h is is the 
same relationship observed by G allagher et al., (2011) in H eim dal crater, and shows 
th a t the sorting process and the fracturing process are probably not related. N either the 
frost locking nor the gravitational sorting hypotheses therefore seem likely to account 
for the organisation of clasts apparent in the Lomonosov C rater region.
Table 9.5: List o f sites with probable fracture control
Sorting
Id grade Fracture Control Description HiRISE Image
18 1 Possible Uncertain E S P_oi758o_246o
19 2 Possible Clustering between fractures E SP_oi758o_246o
23 3 Possible Uncertain P S P_007440_2455
49 2 Yes Clustering between fractures T R A _ooo 846_2475
50 2 Yes Clustering between fractures T R A _ o o o 846_2475
5i 2 Yes Clustering between fractures T R A _ooo846_2475
55 2 Possible Clustering between fractures ESP_oi7i3i_2485
56 2 Possible Clustering between fractures ESP_oi7i3i_2485
66 1 Possible Uncertain ESP_oi7i3i_2485
70 2 Possible Clustering between fractures ESP_oi7i3i_2485
7i 2 Possible Uncertain ESP_oi7i3i_2485
72 2 Possible Clustering between fractures ESP_oi7i3i_2485
73 2 Possible Uncertain ESP_oi7i3i_2485
75 0 Possible Clustering between fractures ESP_oi7i3i_2485
77 1 Yes Clustering between fractures ESP_oi7i3i_2485
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2
4
3
2
3
o
3
4
4
3
2
3
3
3
2
I
I
P ossib le U n certa in ESP_oi7i3i_2485
P ossib le U n certa in E SP_oi7632_2475
P ossib le C lustering  b etw een  fractures E SP_oi7632_2475
P ossib le U n certa in E SP _oi7632_2475
P ossib le C lustering  b etw een  fractures E SP_oi7632_2475
P ossib le U n certa in E SP _oi7632_2475
P ossib le C lustering  b etw een  fractures E SP_oi7632_2475
P ossib le C lustering  b etw een  fractures E SP_oi7632_2475
P ossib le C lustering  b etw een  fractures E SP _oi7632_2475
P ossib le C lustering  b etw een  fractures E SP_oi7632_2475
P ossib le C lustering  b etw een  fractures E SP _oi7632_2475
P ossib le C lustering  b etw een  fractures E SP_oi7632_2475
P ossib le C lustering  b etw een  fractures E SP _oi7632_2475
P ossib le C lustering  b etw een  fractures E SP_oi7632_2475
P ossib le C lustering  b etw een  fractures E SP _oi7632_2475
P ossib le C lustering  betw een  fractures E SP_oi7632_2475
Y es C lustering  b etw een  fractures E SP_oi7632_2475
Y es C lustering  b etw een  fractures ESP_oi99oo_247o
Y es C lustering  b etw een  fractures E S P_o285o_2475
Y es C lustering  b etw een  fractures ESP_o285o_2475
Y es C lustering  b etw een  fractures E SP_o285o_2475
Y es C lustering  b etw een  fractures ESP_0285o_2475
Y es C luster ing  b etw een  fractures E SP_o285o_2475
Y es C lustering  b etw een  fractures PSP_oioo5i_2435
Y es C luster ing  b etw een  fractures P SP_oioo5i_2435
P ossib le C lustering  b etw een  fractures PSP_oioo5i_2435
Y es B oulders fo llo w  Fractures P S P_ooi520_247o
Y es C lustering  b etw een  fractures PSP_ooi520_2470
P ossib le U n certa in ESP_023738_24i5
P ossib le P o ssib ly  clasts in  troughs ESP_023738_24i5
P ossib le C lustering  betw een  fractures ESP_023738_24i5
P ossib le C lustering  b etw een  fractures ESP_025294_24i5
Y es C lu ster in g  betw een  fractures ESP_025294_24i5
P ossib le C lustering  b etw een  fractures ESP_025294_24i 5
Y es C lustering  betw een  fractures ESP_025294_24i5
P ossib le U n certa in ESP_025294_24i5
Y es C lasts in  troughs E S P_oi7079_24io
Y es C lasts in  troughs E S P_oi7079_24io
Y es C lasts in  troughs ES P_oi7079_24io
P ossib le C lu ster in g  b etw een  fractures ESP_oi7079_24io
Y es C luster ing  B etw een  Fractures E S P_oi7o79_24io
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9.4 Sorted patterns as periglacial features?
T he preceding analysis has show n th a t the fracture control hypotheses for the 
form ation of clastic patterns do not provide a good fit for the  landscape around 
Lomonosov Crater. T his m ight suggest tha t the rem aining periglacial hypothesis is a 
better fit; however th is is far from  certain. T his section exam ines the ex ten t to w hich 
these features are comparable to terrestrial patterned ground, draw ing on earth  based 
examples both from  chapter four, and from  the studies cited in section 9.2.3.
U pon initial exam ination m artian  patterned ground has a substantially  different 
m orphology to terrestrial features. T he exam ples in chapters five and seven show 
discontinuous netw orks of m etre scale boulders, surrounding patches o f boulder free 
ground. T his is in sharp contrast to m any examples of terrestrial patterned ground 
w hich feature a complex coarse dom ain com prising a range o f m aterial from  small 
cobbles up to the larger, boulder scale, clasts. It is interesting to note tha t discontinuous 
netw orks are reported by Ballantyne and M atthew s, (1982), although these do not seem 
to be as com m on in terrestrial patterned ground.
T his can partly be accounted for by the lim itations of satellite images. As discussed in 
chapter four small scale variations in  polygon m orphology are largely below the 
resolution of rem ote sensing datasets. N o details of the fine dom ains can be 
distinguished and the m ajority of coarse dom ain m aterial is below the  resolution o f the 
image. O nly  the largest boulders can be clearly distinguished, and so a coarse dom ain 
m ight be expected to appear as a netw ork  o f discontinuous clasts.
H ow ever in terrestrial images the coarse dom ain is frequently  seen to have a
substantially different albedo to the fine dom ain. In the  images presented in  chapter
four there is a clear netw ork of brighter m aterial w hich connects larger boulders and
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dem arks a polygonal netw ork. Sim ilar albedo variations are also apparent in other 
periglacial sites such as the examples given by Kaab et al., (2014), H allet (2013) and 
Kessler and W erner (2003). This would seem to suggest tha t th is is prim arily the case 
in terrestrial examples and the absence of clear changes in texture and albedo in the 
m artian  data is surprising.
H ow ever it should be noted that none of the examples listed occur on the same scale as 
the  m artian  features, and none exhibit boulders in the same range of sizes. This 
discrepancy of form  m ight be the result of the ubiquitous presence of an ice dust m antle 
in the m artian  high latitudes. M any of the sites exam ined in this study are found 
w ith in  haloes of boulders surrounding buried im pact craters. It is possible that the same 
m aterial tha t has buried the craters also covers the boulder netw orks, obscuring the 
textural differences betw een the coarse and fine domains. In  situ exam ination of the 
m artian  sites would be needed to determ ine w hether th is is the case.
9.4.1 M o rp h o lo g ic a l p a ra m e te rs
A  set of 187 m artian  clastic polygons were digitised using the same procedure applied to 
terrestrial patterned ground in chapter four. These were selected from  the areas around 
Lomonosov crater where the nearest neighbour analysis had been conducted. The 
boulder arrangem ents at these sites were dem onstrated to be significantly different 
from  a random  distribution (see Section 5.4.1). Thus these areas had the highest 
probability o f being genuine patterns. H igh  graded areas were chosen and distinct 
polygons were selected where possible.
A  series of param eters were recorded. These were: the area covered by a polygon, its
perim eter length, the num ber of discernible clasts, the diam eter of the largest and
sm allest clast and the m ean diam eter of the five largest clasts. T he ratio of the
polygon’s long and short axes was used to calculate a dim ensionless elongation factor
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(long ax is/sho rt axis). T he orientation of the polygon’s long axis was also recorded and 
th is was compared to the aspect of the underlying slope to determ ine w hether the two 
were aligned.
All of these param eters were m easured in  the  same way as those presented in chapter 
four. As discussed earlier in  the thesis the Icelandic study area is a wet m aritim e 
environm ent and so is no t the best analogue for com parison to m artian  features. T he 
terrestrial survey served as a good test of the reliability of th is m ethodology, but the 
reliability of direct com parisons betw een the sites is lim ited. Icelandic data w ill be 
plotted in a few places for com parison w ith  the m artian  data, and in each case the 
features digitised from  the air photo dataset w ill be compared. These circles were 
closest in scale to the m artian  features and showed the least alteration by terrestrial 
vegetation. H ow ever it is acknowledged th a t the form  and structure o f m artian  features 
would have evolved in a very different environm ent and so these datasets are no t 
directly comparable.
W here possible other examples from  colder arctic environm ents will be cited, and the 
structure of the m artian  structures w ill be compared to param eters already established 
w ith in  the terrestrial literature.
T he error on these m easurem ents is generally higher for the m artian  data th an  the  
terrestrial data. M easurem ents o f clast size have an error of approxim ately  the  length  of 
two pixels. For Earth th is is approxim ately 30 centim etres, while for M ars these 
m easurem ents are only precise to w ith in  50 centim etres in  the highest reso lu tion  
images, and up to a m etre for some of the lower resolution H iR ISE areas.
T he m easurem ent o f a polygon’s long and short axes is reliable to w ith in  the w id th  o f 
the coarse dom ain. For m artian  examples th is was generally one to tw o m etres, w hile 
for terrestrial examples it was m uch smaller, w ith in  a m etre on m ost o f the  polygons
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digitised. Since estim ates o f polygon elongation rely on two such m easurem ents they 
potentially  have double the error. T he error on the polygon elongation rating is thus in 
the range of one to tw o m etres for earth  based sites, or two to four m etres for the 
m artian  sites. Estim ates of polygon area are based on a digitisation of the polygon’s 
perim eter. These m easurem ents are reliable to w ith in  one to two m etres on earth, but 
are som ew hat greater on M ars due to the substantially wider coarse dom ains. T he error 
on the area data is thus on the order of one to two square m etres for earth, but four to 
five square m etres for M ars.
9.4.2 Polygon Scale and the effect o f gravity.
T he m ain difference betw een terrestrial and m artian  features is one of scale. M artian 
clastic patterns are typically m uch larger. M artian  features can involve boulders several 
m etres in diam eter (see Figures 5.9-5.16 and 7.1-7.3). It rem ains uncertain w hether 
periglacial sorting processes are sufficient to organise clasts of th is size, or produce 
polygons w ith  diam eters tens of m etres across, even over very long periods of tim e.
O n  Earth  a few unusual examples from  the Canadian arctic are as large as m edium ­
sized m artian  features, but w hen typical patterned ground in the range of one to ten 
m etres (H allet, 2013; W ashburn , 1956) is compared betw een the two planets there is a 
considerable disparity of scale.
T h is difference in scale is reflected in the  polygons digitised for th is study. H ow ever 
the  size of the  largest clasts relative to  the pixel size of the  images is equivalent, so a 
sim ilar am ount of detail can be seen in both cases. The diam eter of the smallest 
resolvable clast was m easured for all sites in both surveys and the m axim um , m ean and 
m in im um  sizes of sm allest resolvable clast are shown in Table 9.6. It can be seen that 
w hen the typical num ber of pixels per clast is calculated the values are sim ilar between 
the two datasets.
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Table 9.6: Com parison o f sm allest resolvable clast size betw een E arth  and M ars.
Earth: 15 cm /p ixel 
C last diam eter
<m)
P ix e ls / clast
M ars: 25 cm /p ixe l
C last diam eter 
(m )
P ix e ls / clast
M ax O.69 0.38 3-i 0.5
M ean 0.52 0.29 1.07 0.26
M in 0.4 0.22 0.5 0.08
T he dram atically larger size o f the m artian  features m ay be the result of the  lower 
gravity in  w hich they  formed. T he weight of a stone will counteract the upw ards force 
of frost heaving, but this w ill be lower on M ars. In contrast the  upw ards force of frost 
heaving is derived from  the grow th o f ice lenses (M atsuoka et al., 2003) and so would 
not b e ‘expected to  be altered by the lower gravity.
Consequently, the force of frost heaving would be expected to be proportionally  m ore 
effective at m oving the relatively lighter m artian  m aterial. T he acceleration due to 
gravity at the m artian  pole is 3.758 ms 2 (K ieffer et al., 1992), approxim ately one th ird  of 
tha t of Earth. Consequently, m aterial three tim es heavier m ay be movable.
9.4.2.1 Results and interpretation.
Some of the largest examples o f sorted patterned ground know n to occur on Earth are 
those illustrated in Figure 9.1 (Ballantyne, 2013; Gallagher et al., 2011). These circles, on 
Ellesmere Island in northern  Canada, are anom alously large com pared to  m ost o ther 
features reported in the terrestrial literature. T his site provides an upper lim it for the 
size of terrestrial sorted structures.
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20 M etres (a t c e n tre  of circle) C red lt G eo l° 9 ical S u rv ey  of C a n a d a  
p h o to g rap h  2002-278
Credit: NASA/ JP L / University of A rizona
Figure 9.1: Com parison of 20 m etre diam eter clastic polygons on Ellesmere Island,
E arth  and Lomonosov Crater, M ars.
S o m e  o f  th e  largest b locks m a k in g  up  th e  coarse  d o m a in  at th is  lo ca tion  can  be seen to  
be in  excess  o f  a m e t re  in  d iam e te r ,  an d  severa l m a y  be up  to  tw o  m e t re s  long. It  w as  
n o t  p rac t ica l  to  v is i t  th is  site  d u r in g  th e  course  o f  th is  p roject,  so th e se  bou ld e rs  could  
n o t  be m e a s u re d  in  th e  field. T h e s e  n u m b e r s  are e s t im a te s  d r a w n  f ro m  th e  p h o to g ra p h  
f r o m  th e  G eo log ica l  S u rv e y  o f  C a n a d a ,  an d  sh o u ld  th u s  be tre a te d  w i th  cau tion .
C o m p a r in g  th is  site  to  a typ ica l  set o f  p o ly g o n s  n e a r  L o m o n o so v  c ra te r  o n  M a rs
in d ic a te s  th a t  a l th o u g h  th e re  are s im ila r i t ie s  in  th e  scale o f  th e  p o ly g o n s  th e m se lv e s  the
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te r re s tr ia l  e x a m p le  c o n ta in s  fa r  fe w e r  v e ry  la rg e  b locks th a n  th e  m a r t ia n  o n e . T h e  
b a n k s  o f  f in e r  s to n e s  th a t  r in g  th e  te r re s tr ia l  p o ly g o n s  w o u ld  be ex p ec ted  to  be v is ib le  
in  a H iR IS E  scale im age , e v e n  i f  th e  in d iv id u a l c la s ts  w ere  n o t. I t  w o u ld  th u s  seem  th a t  
th e  av e rag e  size  o f  th e  sm a lle s t re so lv ab le  m a te r ia l  o n  M a rs  is h ig h e r .
T h e  size  o f  th e  la rg e s t c la s ts  is a lso  la rg e r in  th e  m a r t ia n  e x a m p le . I t  is a s su m e d  th a t  so 
lo n g  as th e  d e n s ity  o f  th e  ro ck s is c o n s is te n t  b e tw e e n  th e  s ite s  th e n  b o u ld e rs  w i th  u p  to  
th re e  t im e s  th e  m ass  o f  th e  la rg e s t b lo ck s a t th e  te r re s tr ia l  s ite  sh o u ld  b e  m o v e d  b y  f ro s t 
h e a v in g  u n d e r  m a r t ia n  g ra v ity .
T h is  la rg e ly  f i ts  w i th  th e  scale o f  th e  la rg e s t b lo ck s in  th e  m a r t ia n  e x a m p le s . I n  th e  
a reas  o f  p o ssib le  so r tin g  a ro u n d  L o m o n o so v  C ra te r  th e  d ia m e te r  o f  th e  la rg e s t c la s ts  
w e re  m e a su re d  a n d  p lo tte d  in  F ig u re  9.2. T h e  m e a n  d ia m e te r  o f  th e  la rg e s t c la s ts  to  
fo rm  p o ly g o n s  in  th is  re g io n  is fo u r  m e tre s , w h ile  th e  m e a n  d ia m e te r  o f  th e  f iv e  la rg e s t 
c la s ts  in  each  p o ly g o n  is a p p ro x im a te ly  th re e  m e tre s . T h e  la rg e s t b o u ld e r  o b se rv e d  to  
fo rm  p a r t  o f  a p o ly g o n  w as  n .6 m e tre s  acro ss . C o n se q u e n tly , th e  size  o f  th is  m a te r ia l  
seem s to  be o n  th e  u p p e r  l im it  o f  th a t  w h ic h  w o u ld  be ex p ec ted  to  be p la u s ib ly  m o v e d  
b y  e q u iv a le n t p e rig lac ia l p ro cesses  u n d e r  m a r t ia n  g ra v ity  c o n d itio n s .
W h ile  so m e o f  th is  m a te r ia l  is fa r  la rg e r  th a n  co u ld  p ra c tic a lly  be  m o v e d  it  sh o u ld  be 
n o te d  th a t  n o t  e v e ry  b o u ld e r  w i th in  th e  coarse  d o m a in  o f  a so rte d  c irc le  n e e d  be 
b ro u g h t th e re  b y  th e  so rtin g  p rocess. T h e  c e n tim e tre  scale fe a tu re s  s tu d ie d  in  C h a p te r  
F o u r  f re q u e n tly  in c lu d e  sm a ll b o u ld e rs  w h ic h  are  fa r  la rg e r  th a n  a ll o f  th e  o th e r  
m a te r ia l  m a k in g  u p  th e  co a rse  d o m a in . I t  seem s lik e ly  th a t  th e se  a n o m a lo u s ly  la rg e  
ro ck s  w e re  n o t  m o v ed  b y  so r tin g  b u t  w e re  p a r t  o f  th e  e x is tin g  la n d sc a p e  a n d  th e  so r te d  
p a t te rn  d ev e lo p ed  a ro u n d  th e m . I f  th e  sam e  is t r u e  o f  so m e o f  th e  la rg e r  m a te r ia l  in  th e  
m a r t ia n  fe a tu re s  th e n  it  is p o ss ib le  th a t  th e  m a jo r i ty  o f  th e  m a te r ia l  c o u ld  h a v e  b e e n  
a ffe c ted  b y  th e  so r tin g  p rocess.
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F ig u re  9.2: P o ly g o n  a rea  a g a in s t th e  m e a n  d ia m e te r  o f  th e  fiv e  la rg e s t c la s ts  w i th in  a 
p o ly g o n ’s coarse  d o m a in s . D a ta  are  p lo tte d  fo r  E a r th  (b lu e ) an d  M a rs  (re d ) .
F igu re  9.2 sh o w s  th e  d i s t r ib u t io n  o f  clast size ag a ins t  p o ly g o n  area. I t  can  be seen th a t  
th e  size o f  th e  five la rges t c lasts  does  scale w i th  p o ly g o n  size in  b o th  th e  te r re s tr ia l  and  
m a r t i a n  d a tase ts .  H o w e v e r ,  th e re  is m u c h  less sca t te r  fo r  th e  te r re s tr ia l  re m o te  sens ing  
d a ta  t h a n  th e  e q u iv a len t  m a r t i a n  fea tu res .  T h i s  m a y  be because  on  M a rs  b o th  clasts  and  
p o ly g o n s  h av e  a w id e r  range  o f  d ia m e te rs .  T h i s  w o u ld  lead to  a m o re  d ispe rsed  set o f  
p o in ts  t h a n  w i th  th e  e q u iv a le n t  t e r re s t r ia l  fea tu res .
T h e  n u m b e r  o f  clasts is ex p ec ted  to  scale w i th  p o ly g o n  size, s ince a p o ly g o n a l  s t ru c tu re  
w i t h  a lo n g e r  p e r im e te r  has  a p ro p o r t io n a l ly  la rge r  coarse d o m a in .  H o w e v e r ,  s ince o n ly  
a subse t  o f  large clasts  are  d isce rn ib le  in  these  im ages  it is u se fu l  to  p lo t th is  
r e la t io n s h ip  to  see w h e th e r  th e  n u m b e r  o f  d is t in c t  c lasts  still scales w i th  area.
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F ig u re  9.3: C o m p a r is o n  o f  p o ly g o n  a reas  w i th  n u m b e r  o f  d isc e rn ib le  c la s ts  fo r  E a r th
a n d  M ars .
I t  is fo u n d  th a t  th e re  is a s t ro n g  po s i t iv e  c o r re la t io n  b e tw e e n  th e  p o ly g o n  size a n d  th e  
n u m b e r  o f  c lasts  in  b o th  th e  te r re s t r ia l  a n d  m a r t i a n  data . B o th  m a r t i a n  d e c a m e t re  scale 
fea tu re s  a n d  te r re s t r ia l  m e t re  scale fea tu re s  sh o w  a s im i la r  p a t t e r n  desp i te  th e  
d if fe ren ce  in scale. C o n s e q u e n t ly ,  m a k in g  a sca ling  a r g u m e n t  b e tw e e n  th e se  fe a tu re s  
sho u ld  n o t  be l im i te d  b y  th e  re so lu t io n  o f  th e  im ages.
9.4.3 V a r ia t io n  in  p o ly g o n  e lo n g a tio n  w i th  slope
I t  has  b een  e s tab l ish ed  th ro u g h o u t  th e  te r re s t r ia l  per ig lac ia l  l i te ra tu re  th a t  p o ly g o n s  
b eco m e  m o re  e lo n g a ted  w i th  in c rea s in g  slope, u l t im a te ly  t r a n s i t io n in g  to  so r ted  s t r ip e s  
o n  slopes o f  th re e  to  sev en  degrees  (e.g. W a s h b u r n  1973; B a l la n ty n e  2013). T h e  ex ac t  
g ra d ie n t  at w h ic h  th e  t r a n s i t io n  occurs  m ig h t  be d i f fe re n t  due  to  th e  effec t  o f  m a r t i a n  
g rav i ty .  It is h y p o th e s ise d  th a t  th e  t r a n s i t io n  re su l ts  f r o m  ch a n g e s  to  th e  su b su r face  
c o n v e c t io n  cells th a t  f o rm  f ro m  th e  in te r face  b e tw e e n  th e  h o r iz o n ta l  a n d  v e r t ica l  
so r t in g  processes. W h e t h e r  th e  ra te  at w h ic h  these  cells b e c o m e  e lo n g a te d  w i t h  slope 
w o u ld  ch an g e  is u n c e r ta in ,  b u t  g ra v i ty  w o u ld  like ly  h av e  an  effec t.
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S in ce  th is  is a n  e s tab lish ed  fe a tu re  o f  so rted  p a tte rn e d  g ro u n d  it  cou ld  serve  as a good  
te s t  fo r  m a r t ia n  fe a tu re s  fo rm in g  th ro u g h  p e rig lac ia l m e a n s . I f  th e  ax is  ra tio  o f  
d ig itise d  p o ly g o n s  is p lo tte d  a g a in s t th e  u n d e r ly in g  g ra d ie n t it  w o u ld  be ex p ec ted  th a t  
th e  m o s t c irc u la r  fe a tu re s  w o u ld  be fo u n d  o n  f la t g ro u n d , w i th  m o re  e lo n g a te d  fe a tu re s  
in  in c re a s in g ly  s teep  slopes.
9.4.3.i  Results and interpretation
T h is  p ro v e d  d iff ic u lt  to  te s t  re liab ly . T h e  e x a m in a tio n  o f  th is  p a ra m e te r  in  c h a p te r  fo u r 
p ro v e d  in c o n c lu s iv e , d e sp ite  u s in g  a h ig h  re so lu tio n  D E M . C o m p a ra b le  to p o g ra p h y  
d a ta  p ro v e d  im p o ss ib le  to  o b ta in  fo r th e  m a r t ia n  s tu d y  area. S te reo  p a irs  w ere  n o t 
av a ilab le  to  m a k e  H iR IS E  D E M s o f  th e  s ite s  w i th  th e  b es t ex am p les  o f  so rted  
p a tte rn e d  g ro u n d , so m e a su re m e n ts  o f  slope  h ad  to  be d ra w n  fro m  th e  g lobal M O L A  
d a ta se t. C o n se q u e n tly  th e  g ra d ie n t m e a su re m e n ts  p lo tte d  b e lo w  sh o u ld  be tre a te d  w ith  
c a u tio n . T h e  sc a rc ity  o f  so rte d  s tr ip e s  in  th e  m a r t ia n  su rv e y s  a lso  m e a n t th a t  v e ry  few  
fe a tu re s  w i th  a n  e lo n g a tio n  ra tin g  ab o v e  3-4 are  p re s e n t w i th in  th e  d a ta se t.
I t  c a n  be seen  f ro m  F ig u re  9.4 th a t  th e re  is n o  p a t te rn  in  th e  d is tr ib u tio n  o f  p o ly g o n s  o f  
d if fe re n t  e lo n g a tio n . T h e  m a r t ia n  d a ta  p lo t in to  tw o  d is t in c t  p o p u la tio n s  co rre sp o n d in g  
to  th o se  fe a tu re s  fo u n d  o n  fla t g ro u n d  an d  th o se  fo u n d  o n  4-7  d eg ree  slopes; h o w e v e r  
b o th  c lu s te rs  h a v e  th e  sam e  ra n g e  o f  e lo n g a tio n  ra tin g s .
T h e  h ig h e s t ax is  ra tio  is fo u n d  o n  re la tiv e ly  f la t g ro u n d , a l th o u g h  th e  n e x t  tw o  h ig h e s t
a re  o n  s te e p e r  slopes. T h e  c lu s te r  o f  m a r t ia n  d a ta  fo u n d  to  o ccu r o n  f la t te r  g ro u n d  falls
w i th in  a s im ila r  ra n g e  to  th e  te r re s tr ia l  re m o te  sen s in g  d a ta  in  b o th  g ra d ie n t an d
e lo n g a tio n . H o w e v e r , th e  lack  o f  a tre n d  in  e i th e r  d a ta  se t m e a n s  th a t  c o m p a riso n  o f
th e se  p a ra m e te rs  n e i th e r  c o n f irm s  n o r  p rec lu d es  m o rp h o lo g ic a l s im ila r ity . N e i th e r
d a ta se t m a tc h e s  th e  t r a n s i t io n  f ro m  c irc u la r  fe a tu re s  to  e lo n g a ted  p o ly g o n s  in  th e  tw o
to  th re e  d eg ree  ra n g e  re p o rte d  b y  K ra n tz , (1990).
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F ig u re  9.4: P lo t o f  g ra d ie n t a g a in s t e lo n g a tio n  fo r  a ll te r re s tr ia l  a n d  m a r t ia n  d a ta .
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F ig u re  9.5: C o m p a r iso n  o f  th e  ra n g e s  o f  g ra d ie n ts  o v e r  w h ic h  p o ly g o n a l fe a tu re s  o f  
d if fe re n t  e lo n g a tio n s  a re  fo u n d  o n  E a r th  a n d  M a rs  a ) E a r th  m e tre  scale, b )  M a rs
d e c im e tre  scale.
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F ig u re  9.5 sh o w s th e  ran g e  o f  g ra d ie n ts  o v e r w h ic h  fe a tu re s  o f  each  e lo n g a tio n  ra tin g  
are  fo u n d . B o th  d a ta se ts  in d ic a te  a s lig h tly  w id e r  ran g e  o f  g ra d ie n ts  fo r  th e  m a jo r ity  o f  
e lo n g a tio n  tw o  s tru c tu re s , b u t  in  b o th  cases th is  is w ith in  th e  ran g e  o f  th e  o u tlie rs  o f  
th e  p o ly g o n s  w i th  e lo n g a tio n  v a lu es  b e tw e e n  o an d  1.5. H o w e v e r , th e  m e d ia n  g ra d ie n ts  
fo r  b o th  fe a tu re  ty p es  are  la rg e ly  th e  sam e. F e a tu re s  w i th  e lo n g a tio n  v a lu es  o f  b e tw e e n  
2.5 a n d  3.5 a re  fo u n d  a t a sm a lle r  ra n g e  o f  g ra d ie n ts  m a in ly  due  to  lo w e r d a ta  d e n s ity  fo r 
th e se  less c o m m o n  fea tu re s .
T h is  c o m p a r iso n  is lim ite d  b y  th e  d ra m a tic a lly  d if fe re n t re so lu tio n s  o f  th e  d ig ita l 
e le v a tio n  m o d e ls  f ro m  w h ic h  g ra d ie n ts  a re  d e riv ed . T h e  ae ria l p h o to g ra p h s  h av e  a 
h o r iz o n ta l  re so lu tio n  o f  a p p ro x im a te ly  15 cm  p e r  p ix e l. In  th e  m a r t ia n  d a ta se t th e  p ix e l 
s ize  is fa r  la rg e r  th a n  th e  fe a tu re  scale, so m e a s u re m e n ts  o f  slope a n d  asp ec t m a y  be 
a v e rag ed  o v e r  a la rg e r area  th a n  th e  slope o n  w h ic h  th e  la n d fo rm  occu rs.
T o  re so lv e  th is  issue  a d if fe re n t a p p ro a c h  w as ta k e n  to  assess th e  e ffec t o f  g ra d ie n t o n  
m a r t ia n  p a tte rn e d  g ro u n d . M O L A  p o in t  d a ta  w e re  u sed  to  p lo t a se ries o f  tra n se c ts  
ac ro ss  th e  sm a ll c ra te r  to  th e  n o r th  ea s t o f  L o m o n o so v  C ra te r  w h e re  th e  b es t e x a m p le s  
o f  c la s tic  s tr ip e s  o ccu rred  (lo ca ted  in  H iR IS E  im ag e  ESP_oi7685_249o). T h e  c o n tin u o u s  
s tr ip e s  v is ib le  o n  th e  c ra te r  w a ll o ccu p y  th e  s te e p e s t p a r t  o f  th e  tra n se c t, b u t  t r a n s i t io n  
in to  b ro k e n  s tr ip e s  a n d  m o re  la b y r in th in e  a rra n g e m e n ts  o f  b o u ld e rs  b e fo re  th e  en d  o f  
th e  steep  se c tio n  o f  th e  c ra te r  w a ll. T h e  c ra te r  f lo o r is ta k e n  u p  w i th  ru b b le  p ile s  and  
la b y r in th s , w i th  n o  c o h e re n t s trip es . F ig u re  9.6 illu s tra te s  th e  M O L A  tra c k s  u sed , an d  
th e  p ro f ile  ac ro ss  th e  c ra te r  w all.
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F ig u re  9.6: S c h e m a tic  o f  th e  e le v a tio n  tra n s e c t  ac ro ss  th e  w a ll o f  a sm a ll c ra te r  
e x h ib itin g  c la stic  s trip e s . (ESP_oi7685_2490 to  th e  N o r th  E ast o f  L o m o n o so v  C r a te r )  
C o lo u re d  d ia m o n d s  m a rk  th e  p o s it io n  o f  M O L A  e le v a tio n  m e a s u re m e n ts . A  t r a n s e c t  
w a s  p lo tte d  th ro u g h  th e  re g io n  o f  d e n se s t m e a s u re m e n ts  a n d  th e  h ig h e s t  p o in ts  p lo tte d
to  p ro d u c e  th e  p ro file .
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In  gen e ra l  th e  expec ted  t r e n d  is seen, s tr ipes  are fo u n d  o n  th e  slope, w h e re a s  less 
re g u la r  s t ru c tu re s  occupy  th e  f la t te r  g ro u n d  w i th in  th e  in te r io r .  H o w e v e r  th e  
to p o g ra p h ic  data  suggest th a t  th e  t r a n s i t io n  p o in t  f ro m  s tr ipes  to  l a b y r in th s  com es 
be fo re  th e  g ra d ie n t  o f  th e  c ra te r  w all  has  su b s ta n t ia l ly  c h an g ed .  T h e  slope b e n e a th  the  
s tr ipe  p a t t e r n  is a p p ro x im a te ly  n in e  degrees, w h i le  t r a n s i t io n a l  fea tu re s  are fo u n d  on  
s lopes  w i th  a g ra d ie n t  o f  a ro u n d  7 degrees. T h i s  is n o t  as low  as th e  th re sh o ld  re p o r ted  
in  th e  te r re s t r ia l  l i te ra tu re .
A l th o u g h  th e  p a t te rn  b eco m es  less reg u la r  it m a in ta in s  its  s tr ip e - l ik e  m o rp h o lo g y  d o w n  
to  the  c e n t re  o f  th e  c ra te r  w h e re  clastic  l a b y r in th s  replace th e  str ipes . It  is u n c e r ta in  
w h e th e r  th is  ch an g e  is due  to  th e  sh if t  in  g rad ien t  o r  w h e th e r  it is due  to  the  
in te r fe re n c e  o f  th e  s tr ipes  w h e re  t h e y  m e e t  o n  the  c ra te r  floor.
C lea r S trip es Transition C ra te r  C e n tre
F ig u re  9.7: T ra n s i t io n  f ro m  c o h e re n t s tr ip e s  to  b ro k e n  s tr ip e s  an d  ir re g u la r  p a t te rn s  
f ro m  th e  so u th e rn  r im  o f  th e  c ra te r  to  its  c e n tre  (H iR IS E  im ag e  ESP_oi7685_249o to  th e  
N o r th  E a s t o f  L o m o n o so v  C ra te r .)  a) C le a r  s tr ip e s  n e a r  th e  r im  o f  th e  c ra te r , b )  s tr ip e s  
b e co m e  d isc o n tin u o u s , c) la b y r in th in e  s tru c tu re s  n e a r  c ra te r  c en tre .
In  F igu re  9.7 a series o f  loca t io n s  at th is  site are p re se n te d  to  i l lu s tra te  th e  t ra n s i t io n .  
T h e  lef t  m o s t  f ra m e  sh o w s  th e  area ju s t  be low  th e  c ra te r  r im , w h e re  a series o f  co h e ren t  
rad ia l  s t r ip e s  can  be seen r u n n in g  f ro m  th e  c ra te r  r im  to  its c en tre  ( s o u th  to  n o r th  in  
th i s  f r a m e ) .  T h e  c e n t re  f r a m e  sh o w s  th e  t r a n s i t io n  f ro m  clear s tr ipes  to  less regu la r  
p a tc h e s  o f  bou lders ,  b e tw e e n  e le v a t io n s  -4888 and  '4905.
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9 .4*4 A lignm ent o f elongated polygons to underlying slope
In  a s i tu a tio n  w h e re  slope  c o n tro ls  th e  p o ly g o n  e lo n g a tio n  th e n  th e  e lo n g a te d  p o ly g o n s  
w o u ld  be ex p ec ted  to  be a lig n ed  to  th e  slope. S in ce  th e  re su lts  o f  th e  a n a ly s is  in  th e  
p re v io u s  se c tio n  sh o w ed  v e ry  l i t t le  c o rre la tio n  b e tw e e n  slope  an d  e lo n g a tio n  a la rg e  
d eg ree  o f  a l ig n m e n t w o u ld  n o t  be ex p ec ted . T h e se  a lig n m e n t d a ta  w e re  d e riv e d  f ro m  
d ig itise d  m a r t ia n  p o ly g o n s  u s in g  th e  sam e m e th o d o lo g y  b y  w h ic h  a l ig n m e n t to  slope 
w as  d e te rm in e d  fo r te r re s tr ia l  e x a m p le s  in  C h a p te r  F our. H o w e v e r  th e  e r ro r  o n  th e se  
d a ta  is m u c h  h ig h e r  s in ce  th e  o n ly  to p o g ra p h ic  d a ta  av a ilab le  fo r  th e se  s ite s  w as  th e  
g loba l M O L A  d a ta  se t a n d  th e  re so lu tio n  o f  th e  g ra d ie n t d a ta  is th u s  la rg e r  th a n  th e  
scale  o f  th e  fea tu re s .
g.4.4.1 Results and interpretation
F ig u re  9.8 sh o w s p o ly g o n  lo n g  ax is  a lig n m e n t d a ta  fo r  a ll o f  th e  m a r t ia n  p o ly g o n s  
su rv e y e d  a n d  f ig u re  9.9 sh o w s th e  c la ss if ic a tio n  o f  th a t  d a ta  b a sed  o n  th e  c r ite r ia  
o u tlin e d  in  C h a p te r  F our. F ea tu re s  w ith  an  e lo n g a tio n  ra t in g  o f  o n e  e x h ib it  n o  
d iffe re n c e  b e tw e e n  th e  le n g th s  o f  th e i r  lo n g  a n d  sh o r t  axes. O n e  a x is  w ill  a lm o s t 
a lw a y s  b e  lo n g e r th a n  a n o th e r , b u t n o t  s ig n if ic a n tly  so. I t  w o u ld  th u s  be e x p e c te d  th a t  
th e  d ire c tio n  in  w h ic h  th e  s lig h tly  lo n g e r  ax is  is a lig n e d  w o u ld  b e  ra n d o m  a n d  th e re fo re  
w h e th e r  o r n o t  th e  fe a tu re  is a lig n ed  to  th e  slope  w o u ld  also  be ra n d o m . In  th e  case o f  a 
fe a tu re  w ith  a n  e lo n g a tio n  ra tio  o f  tw o  o r m o re  i t  is h y p o th e s is e d  th a t  th e  d is t in c t  
e lo n g a tio n  is a re s u lt  o f  th e  slope. C o n se q u e n tly , a s tro n g e r  a x is  a l ig n m e n t  w o u ld  be 
e x p ec ted  fo r  th e se  fe a tu re s .
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9.8: A lig n m e n t to  slope  a g a in s t e lo n g a tio n  o f  p o ly g o n s  d ig itise d  a ro u n d  L o m o n o so v  
c ra te r . E lo n g a tio n  is d e te rm in e d  b y  ta k in g  th e  ra tio  o f  th e  lo n g  a n d  sh o r t axes. 
M in im u m  a lig n m e n t to  slope  is th e  sm a lle s t an g le  b e tw e e n  th e  p o ly g o n  lo n g  ax is  and
th e  d ire c tio n  o f  slope.
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F ig u re  9.9: A lig n m e n t o f  p o ly g o n  lo n g  ax es to  u n d e r ly in g  slope, b o th  b y  f re q u e n c y  an d  
as a p e rc e n ta g e  o f  s ites o f  each  e lo n g a tio n  ra tin g  to  sh o w  a lig n m e n t.
T h e  lack o f  s t ro n g ly  e lo n g a ted  fea tu re s  is p a r t ic u la r ly  p ro n o u n c e d  in  th is  ana lys is .  T h e  
m a jo r i ty  o f  fea tu re s  w i t h  an  e lo n g a t io n  ra t io  o f  one  a p p ea r  to  be a l igned  to  slope, 
w h e re a s  fe a tu re s  w i th  e lo n g a t io n  ra t io s  o f  tw o  h av e  a la rger  p ro p o r t io n  o f  u n a l ig n e d  
a n d  u n c e r ta in  fea tu res .  T h i s  w o u ld  seem  to  be c o n t r a ry  to  th e  p a t te rn  seen  in  te r re s tr ia l  
a l ig n m e n t  d a ta  in  C h a p te r  F o u r  w h e re  e lo n g a t io n  tw o  fea tu re s  w e re  s o m e w h a t  m o re  
l ik e ly  to  be a l igned  to  th e  slope. O n ly  th re e  ex am p les  o f  ty p e  th re e  fea tu re s  w e re  fo u n d
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w ith in  th e  m a r t ia n  su rv e y , so w h ile  tw o  o f  th e se  w ere  a lig n ed  to  slope  an d  o n e  w as n o t, 
it  c a n n o t be co n c lu d ed  th a t  th is  is a g en e ra l tre n d  o f  g re a te r  a lig n m e n t fo r  m o re  
e lo n g a te d  fea tu re s .
A s  w i th  th e  a n a ly s is  in  th e  p re v io u s  se c tio n  i t  is p o ssib le  th a t  th e  lack  o f  a tre n d  in  
th e se  d a ta  is d u e  to  th e  la rg e  scale o f  th e  d ig ita l e le v a tio n  m o d e l re la tiv e  to  fe a tu re  size. 
I f  a h ig h e r  re so lu tio n  d ig ita l e le v a tio n  m o d e l w e re  av a ilab le  fo r  th is  s ite  th e n  m o re  
m e a n in g fu l a sp ec t d a ta  co u ld  be d eriv ed , h o w e v e r  H iR IS E  s te reo  im ag es  are  n o t 
av a ilab le  fo r  th e  area  a ro u n d  L o m o n o so v  C ra te r .
9.4.5 S u m m a ry
In  s u m m a ry  th e re  a re  so m e  q u a n tif ia b le  s im ila r it ie s  b e tw e e n  e x a m p le s  o f  m a r t ia n  
c la s tic  p a tte rn e d  g ro u n d  a n d  th e i r  te r re s tr ia l  an a lo g u es . T h e  lo w e r g ra v ity  o n  M a rs  
w o u ld  a c c o u n t fo r th e  la rg e r scale o f  coarse  d o m a in  m a te r ia l. C la s t  s ize  can  be seen  to  
scale w ith  p o ly g o n  size  in  b o th  th e  m a r t ia n  a n d  te r re s tr ia l  cases. C o n s e q u e n tly , it 
seem s lik e ly  th a t  th e  la rg e  m a r t ia n  p o ly g o n s  are  feasib le  w i th in  a p e rig la c ia l reg im e .
A n a ly s is  o f  p o ly g o n  e lo n g a tio n  w i th  slope  w as less co n c lu s iv e . N o  c lea r  c o rre la tio n  w as 
fo u n d  b e tw e e n  th e se  p a ra m e te rs . T h e  a l ig n m e n t o f  p o ly g o n s  to  slope  a lso  d id  n o t  
su p p o rt a fo rm a tio n  m e c h a n is m  in  w h ic h  g ra d ie n t c o n tro ls  p o ly g o n  m o rp h o lo g y . T h is  
a n a ly s is  w as u n d e rm in e d  b y  th e  lack  o f  h ig h  re so lu tio n  to p o g ra p h ic  d a ta  fo r  th e  s tu d y  
area  b e in g  e x a m in e d . W h ile  th e  a n a ly s is  h a s  b een  p re se n te d  h e re  fo r  c o m p le te n e s s  it  
sh o u ld  be tre a te d  w i th  c a u tio n , an d  n o t  ta k e n  to  ru le  o u t  a p e rig la c ia l e x p la n a tio n  fo r  
th e se  fea tu re s .
W h e n  a case  s tu d y  w as  e x a m in e d  in  m o re  d e ta il, u s in g  h ig h e r  re s o lu tio n  e le v a tio n  d a ta ,
s tr ip e s  w e re  fo u n d  to  fo rm  o n  th e  s te e p e s t p a r t  o f  th e  slope, w h ile  th e  f la t c e n tre  o f  th e
c ra te r  e x h ib ite d  la b y r in th s  in s te a d . H o w e v e r  th e  p o in t  w h e re  th e  s tr ip e s  t r a n s i t io n e d  to
d isc o n tin u o u s  fe a tu re s  does n o t  m a tc h  th e  th re s h o ld  re p o r te d  in  th e  te r re s tr ia l
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l i te ra tu re . T h is  p ro c e d u re  w o u ld  h a v e  to  be a p p lied  to  a la rg e r se t o f  e x am p le s  to  
c o n c lu s iv e ly  te s t  w h e th e r  th is  p a ra m e te r  does su p p o rt a p e rig lac ia l case, p re fe ra b ly  at 
s ite s  w h e re  p o ly g o n s  a re  seen  to  g rade  in to  s trip es .
9.5 Conclusions
W h ile  th e  m o re  ex o tic  h y p o th e s is  fo r  th e  fo rm a tio n  o f  so rted  fe a tu re s  seem s u n lik e ly  it 
is n o t  p o ss ib le  to  u n re se rv e d ly  accep t a p e rig lac ia l e x p la n a tio n . T h e  M a r tia n  c lim a te  is 
n o t  c o n d u c iv e  to  th e  fo rm a tio n  o f  so rte d  p a tte rn e d  g ro u n d  th ro u g h  te r re s tr ia l  
p e rig lac ia l p ro cesses . T h e  su rface  te m p e ra tu re  o n ly  g e ts  h ig h  e n o u g h  fo r w a te r  to  ex is t 
in  a l iq u id  s ta te  in  iso la te d  areas an d  fo r  sh o r t p e rio d s  o f  tim e . C o n se q u e n tly , re p ea ted  
fre e z in g  a n d  th a w in g  w o u ld  n o t  be ex p ec ted  to  be c o m m o n . I t  is th u s  u n su rp r is in g  th a t  
in  th is  s tu d y , a n d  o th e rs  su ch  as G a lla g h e r  an d  B alm e, (2011), s ite s  w h ic h  m a y  e x h ib it  
so r tin g  a re  o n ly  fo u n d  in  a few  iso la ted  lo ca tio n s .
I f  th e se  la n d fo rm s  h a v e  fo rm e d  in  geo lo g ica lly  re c e n t t im e s  th e n  th e ir  p re sen ce  cou ld  
su g g est th a t  th e  local te m p e ra tu re  in  th e se  a reas  is re g u la r ly  r is in g  above ze ro  °C . In  
w h ic h  case th is  so r t o f  e n v iro n m e n t w o u ld  be v e ry  u n u su a l an d  th e se  fe a tu re s  w o u ld  be 
e x p e c te d  to  b e  v e ry  ra re . W h ile  th e  reg io n s  in  w h ic h  p o ssib le  so r tin g  o ccu rs  a re  v e ry  
few  a n d  fa r  b e tw e e n  th e  a b u n d a n c e  o f  th e se  fe a tu re s  in  th e  area  a ro u n d  L o m o n o so v  
C ra te r  a n d  th e  fac t th a t  so r tin g  ap p ea rs  to  be o c c u rr in g  in  m u ltip le  ad ja c e n t im ag es 
m a k e s  th is  e x p la n a tio n  u n lik e ly .
A n o th e r  p o s s ib ility  is th a t  th e  f re e z in g  p o in t o f  th e  local g ro u n d w a te r  is b e in g  
d ep re ssed . M a g n e s iu m  P e rc h lo ra te  w as  d e tec ted  a t th e  p h o e n ix  la n d in g  site  (H e c h t  e t 
al., 2009). T h is  is o n e  o f  sev e ra l c ry o b rin e s  (M o h lm a n n , 2011) w h ic h  cou ld  d ep ress  th e  
fre e z in g  p o in t  su ff ic ie n tly  to  a llo w  a f re e z e - th a w  cycle  to  o ccu r (see C h a p te r  T h re e ) .
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D e sp ite  th e  v a r ie ty  o f  p o ss ib le  so rte d  p a tte rn e d  g ro u n d  in  th e  a rea , L o m o n o so v  c ra te r  
h a s  v e ry  few  e x a m p le s  o f  o th e r  p u ta tiv e  p e rig lac ia l la n d fo rm s  su c h  as so lif lu c tio n  lobes 
an d  sca llo p ed  d ep re ss io n s . A  few  p o ssib le  lobes o ccu r to  th e  n o r th  o f  th e  area, b u t  th e se  
are  n o t  in  c lose p ro x im ity  to  th e  m a jo r ity  o f  th e  so rte d  fo rm s  a ro u n d  L o m o n o so v .
I t  w as  fo u n d  th a t  th e  m a jo r ity  o f  s ite s  d id  n o t  e x h ib it  f ra c tu re  c o n tro l. F ra c tu re s  w e re  
p re se n t a t a la rg e  n u m b e r  o f  s ites, b u t  d id  n o t  a p p e a r to  be in f lu e n c in g  th e  a r ra n g e m e n t 
o f  c lasts . F u r th e rm o re  a la rg e r  n u m b e r  o f  b o u ld e r  p a tc h e s  e x h ib itin g  h ig h e r  g rad e  
so r tin g  w ere  fo u n d  a t s ite s  w ith  n o  e v id e n c e  o f  f ra c tu re  c o n tro l. W h i le  th e se  
h y p o th e se s  c a n n o t be c o m p le te ly  ru le d  o u t, it seem s less lik e ly  th a t  th e y  a c c o u n t fo r  th e  
fo rm a tio n  o f  th e se  fe a tu re s . T h is  m a y  su g g est th a t  a p e rig lac ia l e x p la n a tio n , a u g m e n te d  
b y  th e  p re sen ce  o f  C ry o b r in e s  is m o re  lik e ly , b u t  in  th e  ab sen ce  o f  g ro u n d  t r u th  i t  is 
im p o ss ib le  to  be c e r ta in  h o w  th e se  s tru c tu re s  fo rm e d .
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io  C h ap ter  T en : E x a m in a tio n  o f  sca llo p ed  d ep ress io n  
f ie ld s  around  D a v ie s  and  Lagarto C raters
i o . i  A im s
In  th i s  ch ap te r ,  tw o  a ssem blages  c o n s is t in g  o f  e x te n s iv e  f ie lds o f  scalloped dep ress io n s  
a ro u n d  m e d iu m -s iz e d  im p a c t  c ra te rs  are descr ibed . B o th  sites fea tu re  e x te n s iv e  sy s tem s  
o f  sca lloped  d ep re ss io n s  th a t  o v e r la y  th e  ejecta o f  th e  craters . Scalloped  d ep re ss io n s  are 
im p o r ta n t  p u ta t iv e  per ig lac ia l  l a n d fo rm s  as t h e y  m a y  be ev idence  o f  th e rm o k a rs t - l ik e  
processes . C h a ra c te r i s in g  d ep re ss io n  m o rp h o lo g y  can  revea l  h o w  m a tu r e  these  fea tu res  
are, an d  th u s  a llow  som e  e s t im a t io n  o f  th e  t im e  an d  c o n d i t io n s  u n d e r  w h ic h  th e y  
fo rm ed .
CTX: B21_017949_2263_XN_46N359W  
Credit: NASA/JPL/ University of Arizona
F ig u re  i o . i : S ca llo p ed  d e p re ss io n s  n e a r  D a v ie s  C ra te r . M u ltip le  sm a lle r  d e p re ss io n s
m e rg in g  in to  a la rg e r s tru c tu re .
S ca l lo p ed  s t ru c tu re s  at all s tages  o f  d e v e lo p m e n t  are p re sen t ,  b u t  a large n u m b e r  o f  ve ry
d e g ra d e d  fea tu re s  are  observed .
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T h is  se c tio n  c la ssifie s  th e se  fe a tu re s  u s in g  th e  sy s te m s  o f  S e jo u rn e  e t al., (2011) and  
W a lla c e  (1948) to  d e te rm in e  w h ic h  ty p e s  o f  fe a tu re  are  m o s t p re v a le n t. A s  d esc rib ed  in  
S e c tio n  7.7, sca lloped  d e p re ss io n s  are  o f te n  fo u n d  in  a n  assem b lag e  w i th  g u llies . T h is  is 
th e  case a t b o th  o f  th e se  s ite s  w h e re  g u llie s  a re  fo u n d  o n  th e  c ra te r  w alls , a n d  m a n y  o f  
th e  d e p re ss io n s  are  in  c lose p ro x im ity  to  th e m .
io .i .i  B ack g ro u n d
T h is  a n a ly s is  b u ild s  u p o n  a v a r ie ty  o f  s tu d ie s  in to  th e  s tru c tu re  a n d  d is t r ib u t io n  o f  
sca llo p ed  d ep re ss io n s . C o s ta rd  a n d  K argel, (1995) id e n tif ie d  re g io n s  o f  k ilo m e tre  scale 
d e p re ss io n s  across b o th  U to p ia  a n d  A c id a lia  P la n itia . T h e s e  f re q u e n tly  o c c u r in  
p ro x im ity  to  im p a c t c ra te rs  a n d  th e y  n o te d  th e  s im ila r ity  to  te r re s tr ia l  th e rm o k a rs t  
lak es  an d  p ro p o sed  th a t  th e y  m ig h t h a v e  fo rm e d  th ro u g h  p e rig lac ia l m e a n s .
F u r th e r  s tu d ie s  b y  S o are  e t al. h a v e  p ro v id e d  a n  e x te n s iv e  a n a ly s is  o f  th e se  fe a tu re s . 
S oare  e t al., (2007) d e m o n s tra te s  th a t  sca llops cross c u t so m e  in s ta n c e s  o f  g u llie s  o n  
c ra te r  w alls . T h e y  p ro p o sed  th a t  th is  in d ic a te s  a y o u n g  age fo r  sca llo p ed  te r ra in s . I t  is 
p o ssib le  th a t  a t th e se  s ite s  b o th  th e  sca llo p ed  a n d  g u llied  te r ra in s  a re  th e  p ro d u c t o f  th e  
sam e p e rio d  o f  th a w . S o are  e t al., (2008) le n t m o re  ev id en ce  to  a th a w  re la te d  fo rm a tio n  
m e c h a n ism . T h e y  id e n tif ie d  te rra c e  lik e  fe a tu re s  w i th in  so m e  sca llo p ed  d e p re ss io n s  
w h ic h  th e y  p ro p o sed  to  be e v id en ce  th a t  th e y  fo rm e d  as a re s u lt  o f  th e  p o n d in g  o f  
s tab le  w a te r , r a th e r  th a n  th ro u g h  s u b lim a tio n  o f  g ro u n d  ice. T h e s e  o b se rv a tio n s  a re  
la rg e ly  based  o n  fe a tu re s  in  U to p ia  a n d  E ly s iu m  P la n itia e .
M o re  re c e n t w o rk  b y  S o are  e t al., (2012) h a s  m a p p e d  th e  d is t r ib u t io n  o f  sca llo p ed
te r ra in s  across a w id e  sw a th  o f  U to p ia  P la n itia  to  co m p are  th e i r  d is t r ib u t io n  w i th  th a t
o f  th e  ice d u s t m a n tle . T h e y  fo u n d  th a t  p u ta tiv e  p e rig lac ia l te r r a in s  o f te n  o c c u r in
re g io n s  w h e re  th e  la ti tu d e  d e p e n d a n t m a n tle  is a b se n t, p e rh a p s  su g g e s tin g  a n  e a r lie r
period of form ation than  that proposed by the previous study. T h e  study o f
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M o rg e n s te rn  e t al., (2007) also  m a p p e d  th e  d is tr ib u tio n  o f  sca lloped  d e p re ss io n s  across 
U to p ia  P la n itia  an d  fo u n d  th a t  th e  la rg e r  a n d  m o re  c o n tin u o u s  re g io n s  o f  d e g ra d a tio n  
w e re  m o re  c o m m o n  in  th e  so u th e rn  p a r t  o f  th e i r  s tu d y  area.
U lr ic h  e t al., (2010) p ro v id e s  a n  in  d e p th  lo o k  a t th e  m o rp h o lo g y  o f  scalloped  
d e p re ss io n s  in  U to p ia  P la n itia , c o m p a rin g  an d  c o n tra s tin g  th e  m o rp h o lo g y  o f  th e  
m a r t ia n  la n d fo rm s  w i th  te r re s tr ia l  an a lo g u es . T h e y  n o te  th a t  th e  s teep n ess  o f  th e  slopes 
o f  sca lloped  d e p re ss io n s  can  be u sed  to  d e te rm in e  th e  p re fe re n tia l  d ire c tio n  o f  
d e v e lo p m e n t, a n  o b se rv a tio n  th a t  h a s  p ro v e d  u se fu l fo r  d e te rm in in g  d ire c tio n  o f  
e x p a n s io n  in  th is  s tu d y . T h is  is s ig n if ic a n t as d if fe re n t e x p a n s io n  d ire c tio n s  w o u ld  
h a v e  b e e n  m o re  lik e ly  d u rin g  d if fe re n t p e rio d s  o f  m a r t ia n  h is to ry . D u r in g  h ig h  
o b liq u ity  p e rio d s  th e re  w o u ld  h a v e  b e e n  in c rea sed  in so la tio n  o n  po le  fac in g  slopes 
d u r in g  c e r ta in  tim e s  o f  th e  y ea rs . W h e re a s  i f  th e se  la n d fo rm s  o c cu rred  a t a p e rio d  
w h e re  o b liq u ity  w as less p ro n o u n c e d  th is  w o u ld  n o t  be ex p ec ted  to  be th e  case.
L e fo rt e t al., (2009) re p o r t o b se rv a tio n s  o f  th e se  fe a tu re s  in  H iR IS E  im ag e ry , an d  
c o n c lu d e  th a t  th e re  is a c o -e v o lu tio n  o f  sca llops an d  p o ly g o n s  in  th a t  a rea . T h e  s tu d y  o f  
H a l t ig in  e t al., (2014) a lso  su p p o rts  th e  c o -e v o lu tio n  o f  sca lloped  a n d  p o ly g o n  te r ra in s . 
B o th  o f  th e se  s tu d ie s  w e re  a lso  lim ite d  to  fe a tu re s  in  U to p ia  p la n itia , a lth o u g h  th e  
s tu d y  o f  L e fo rt e t al., (2010) e x p a n d s  th e i r  o b se rv a tio n s  to  fe a tu re s  in  th e  s o u th e rn  
h e m isp h e re .
T h e  U to p ia  P la n itia  e x am p les  h a v e  a lso  b een  s tu d ie d  b y  S e jo u rn e  e t al., (2011, 2009). 
w h o  p ro p o se  a fiv e  stage  c la s s if ic a tio n  o f  th e  e v o lu tio n  o f  d ep re ss io n s , f ro m  sm all 
iso la te d  fe a tu re s , to  la rg e  m e rg in g  b a s in s  w i th  e x te n s iv e  sca llo p ed  edges. S e jo u rn e  e t 
al., (2012) p ro p o se  th a t  th e  b a n d in g  w ith in  m a n y  sca lloped  d ep re ss io n s  in d ic a te s  th e  
e x p o su re  o f  s e d im e n ta ry  lay e rs , su g g es tin g  th a t  th e se  fe a tu re s  a re  fo rm in g  w i th in  a 
s tr a t if ie d  p e rm a fro s t so il, l ik e ly  d ep o s ite d  b y  aeo lian  p rocesses. S e jo u rn e  e t al., (2011)
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d esc rib e  s te e p e r po le  fac in g  slopes o n  m a n y  sca llo p ed  d e p re ss io n  w i th in  th is  area . T h e y  
p ro p o se  th a t  th e se  fe a tu re s  lik e ly  fo rm e d  d u r in g  a p a s t p e rio d  o f  h ig h e r  o b liq u ity  since 
p o le  fac in g  slopes w o u ld  h a v e  rece iv ed  in c rea sed  in so la tio n  d u r in g  th e  w a rm e r  p a r ts  o f  
th e  y e a r  in  su ch  a reg im e .
A s can  be seen  th e  m a jo r ity  o f  in v e s tig a tio n s  in to  th e se  la n d fo rm s  h a v e  fo cu sed  o n  th e  
U to p ia  P la n itia  area . S ca llo p ed  d e p re ss io n s  are  k n o w n  to  o ccu r e lse w h e re  o n  M a rs  f ro m  
o b se rv a tio n s  o f  th e se  fe a tu re s  in  A c id a lia  p la n itia  b y  C o s ta rd  an d  K arge l, (1995), b u t 
th e se  s ite s  h av e  n o t  b een  s tu d ie d  in  d e ta il e x c e p t fo r  th e  a n a ly s is  o f  p u ta tiv e  
th e rm o k a rs t  in  A re s  V a llis  b y  C o s ta rd  an d  B aker, (2001). O n e  o f  th e  o b jec tiv e s  o f  th e  
p re se n t s tu d y  w as  to  lo ca te  sca llo p ed  te r ra in s  in  A c id a lia  a n d  A rc a d ia  P la n itia e  fo r  
c o m p a riso n  w i th  th e  w e ll d o c u m e n te d  U to p ia  P la n itia  fea tu re s . I t  is c lea r th a t  w h ile  
th e re  a re  fe w e r  e x a m p le s  o f  th e se  fe a tu re s  o u ts id e  o f  U to p ia  P la n itia  th e y  s till  o c c u r  in  
c o n s id e ra b le  n u m b e rs  (see  c h a p te r  sev en ). C o n s e q u e n tly  it w as  d ec id ed  to  m a p  sca llop  
d is tr ib u tio n  a ro u n d  tw o  im p a c t c ra te rs  in  th e  A c id a lia  s tu d y  a rea , a n d  a p p ly  th e  
c la s s if ic a tio n  sch em e  o f  S e jo u rn e  e t al., (2011) so th a t  fe a tu re s  in  th is  re g io n  o f  M a rs  can  
be c o m p a re d  a n d  c o n tra s te d  w ith  th e  b e tte r  d o c u m e n te d  e x a m p le s  c ite d  ab o v e .
10.2 Study Areas
T h e  d e p re ss io n  assem b lag es  a t th e se  s ite s  w e re  lo ca ted  as p a r t  o f  th e  c o n te x t  su rv e y  o f  
e a s te rn  A c id a lia  P la n itia . D a v ie s  a n d  L ag arto  c ra te rs  w e re  id e n tif ie d  as h a v in g  th e  
h ig h e s t c o n c e n tra tio n s  o f  sca lloped  d e p re ss io n s  in  th e  c o n te x t  su rv e y  a n d  th e  h ig h e s t 
c o n c e n tra tio n  o f  h ig h ly  g rad ed  fea tu re s .
T h e  m a jo r ity  o f  o th e r  s ite s  c o n s is t o f  m u c h  sm a lle r  f ie ld s  o r  iso la te d  d e p re s s io n s
sh o w in g  less ev id en ce  o f  in te ra c t io n  w i th  o th e r  p o ss ib ly  p e rig la c ia l la n d fo rm s . A s
p re v io u s ly  s ta ted , th e re  are  fa r  fe w e r  e x a m p le s  o f  sca llo p ed  fe a tu re s  in  th e  A c id a lia
s tu d y  a rea  th a n  in  th e  re g io n s  o f  U to p ia  p la n itia  w h e re  th e se  la n d fo rm s  a re  m o s t
335
e x te n s iv e ly  d o c u m e n te d  (e.g . C o s ta rd  an d  K argel, 1995; O s in s k i an d  S oare , 2007; S oare 
e t al., 2008).
10.2.1 Im ag e s
In  b o th  cases th e  e x te n ts  o f  sca lloped  te r ra in s  w ere  m a p p e d  u s in g  C T X  im ages. 
S ca llo p ed  d e p re ss io n s  w ere  lo ca ted  a n d  th e ir  e x te n ts  m a p p e d  u s in g  a G IS  sh ap e  file. 
F re q u e n tly  th e  sca lloped  d e p re ss io n s  ap p eared  s lig h tly  d if fe re n t in  o v e rla p p in g  C T X  
im ag es, w h ile  th is  cou ld  su g g est ac tiv e  fe a tu re s  it  w as co n c lu d ed  th a t  ch an g es in  
i l lu m in a tio n  c o n d itio n s  an d  s lig h t e rro rs  in  th e  p la c e m e n t o f  th e  im ag es w ere  m o re  
lik e ly  to  be re sp o n s ib le  fo r  th e  d iffe re n c es  o b se rv ed . T o  e n su re  th a t  th e  m a p p e d  e x te n ts  
w e re  c o n s is te n t  a s in g le  im ag e  w as  u sed  w h e n  p o ssib le , w ith  th e  o th e r  im ag es o n ly  
b e in g  re fe rre d  to  in  p laces b e y o n d  th e  e x te n t  o f  th e  m a in  im age .
F o r D a v ie s  C ra te r  th e se  fe a tu re s  w e re  p re d o m in a n tly  m a p p e d  f ro m  C T X  im age 
B2i_oi7949_2263_X N _46N _359W , w ith  a sm all a rea  f ro m
Pi6_oo7i63_2264_X N _46N 359W . In  th e  L ag arto  C ra te r  s tu d y  area  tw o  C T X  im ages; 
B i9_oi6868_23i9_X N _5iN oo8W  a n d  Pi5_oo67i65_2302_X I_5oN oo8W  w e re  u sed . O n ly  a 
sm a ll a rea  o f  o v e rlap  e x is ts  b e tw e e n  th e se  im ages; w h e re  th e y  d id  o v e rlap  th e  la te r  
im ag e  w as  re fe rred  to .
H iR IS E  co v erag e  w as  la rg e ly  u n a v a ila b le . S ev era l H iR IS E  im ag es  o v erlap  th e  tw o  
c ra te rs ; h o w e v e r  m o s t a re  c e n tre d  o n  th e  c ra te r  in te r io rs . O n ly  one  im age, 
ESP_035302_226o, o v e rlap s  p a r t  o f  th e  sca lloped  d e p re ss io n  f ie ld  o f  D a v ie s  C ra te r . T h is  
im a g e  c o n ta in s  a to ta l  o f  13 sca llo p ed  d ep re ss io n s , sev en  o f  w h ic h  a re  o n  th e  so u th e rn  
c ra te r  r im , w h ile  th e  re m a in in g  six  are  w i th in  th e  c ra te r  itse lf.
I f  H iR IS E  co v erag e  beco m es av a ilab le  fo r  th is  s ite  in  th e  n e a r  fu tu re  th e n  it w o u ld  be 
in te re s t in g  to  e x a m in e  sca llop  m o rp h o lo g y  in  m o re  d e ta il to  d e te rm in e  h o w  w e ll th e y  
m a tc h  th e  fe a tu re s  o b se rv ed  in  U to p ia  p la n itia . F o r e x am p le  b r ig h t  b a n d s  lik e  th o se
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d iscu ssed  b y  S e jo u rn e  e t al (2011) m a y  be p re se n t in  sev e ra l o f  th e se  fe a tu re s , b u t 
w ith o u t  h ig h e r  re so lu tio n  im ag es  it is im p o ss ib le  to  be c e r ta in . P o ly g o n  ju n c tio n  p its , 
w h ic h  are  a c o m m o n  e le m e n t o f  th e se  la n d fo rm s  e lse w h e re  in  th e  n o r th e rn  p la in s  (e.g. 
S e jo u rn e  e t al., 2010) w e re  n o t  o b serv ed , b u t  on ce  ag a in  th is  m ig h t be d u e  to  th e  low  
re so lu tio n  o f  th e  C T X  im ag es.
10.2.2 C ra te r  M o rp h o lo g y
T h e  tw o  im p a c t c ra te rs  are  q u ite  d if fe re n t in  m o rp h o lo g y : D a v ie s  C ra te r  (~ 49 k m  in  
d ia m e te r)  fe a tu re s  a p ro m in e n t c e n tra l p eak  a n d  a n  ir re g u la r  r im . S e v e ra l la rg e  gu llies  
a re  fo u n d  o n  th e  n o r th e rn  c ra te r  w all, th e ir  so u rce  re g io n s  are  in  c lose p ro x im ity  to  
so m e  o f  th e  sca lloped  d e p re ss io n s . L ag arto  C ra te r  (~ 19.5 k m  in  d ia m e te r)  is sm a lle r  an d  
h as  a reg u la r , m o re  c irc u la r  r im  a n d  a m u c h  sm a lle r  c e n tra l  r ise . I ts  f lo o r e x h ib its  a 
sm a ll d u n e  fie ld  a n d  a la rg e  d ep re ssed  re g io n  to  th e  n o r th  w e s t o f  th e  c e n tre . G u llie s  are  
fo u n d  acro ss  th e  N o r th  W e s t  q u a d ra n t  o f  th e  c ra te r  w all; th e se  a re  sm a lle r  b u t  m o re  
n u m e ro u s  th a n  th o se  fo u n d  in  D a v ie s  C ra te r .
10.2.3 S ca llo p ed  d e p re ss io n s  a ro u n d  D a v ie s  C ra te r
A t th is  s ite  a la rg e  n u m b e r  o f  sca llo p ed  d e p re ss io n s  a re  fo u n d  ab o v e  th e  n o r th e r n  r im  o f
th e  c ra te r . O th e r  fe a tu re s  a re  fo u n d  f u r th e r  o u t o n  th e  c ra te r ’s e jec ta  to  th e  n o r th .
G u llie s  a re  fo u n d  o n  th e  n o r th e rn  w a ll o f  th e  c ra te r , so m e o f  th e s e  h a v e  so u rce  re g io n s
in  v e ry  c lose p ro x im ity  to  th e  edges o f  th e  sca llo p ed  te r ra in . T o  th e  so u th  o f  th e  c ra te r
fe w e r fe a tu re s  are  fo u n d  o n  th e  e jecta , b u t a la rg e  n u m b e r  o f  d e p re ss io n s  can  be seen  o n
th e  so u th e rn  c ra te r  w a ll a n d  th e  s o u th e rn  f lo o r  o f  D a v ie s  c ra te r . A ll o f  th e se  fe a tu re s
are  fo u n d  in  th e  a rea  o f  th e  o v e r tu rn e d  flap  o f  m a te r ia l  c re a te d  b y  th e  c ra te r ’s
fo rm a tio n . T h is  e jec ta  w ill  h av e  a n  in v e r te d  s tra tig ra p h y , w i th  ice r ic h  m a te r ia l  f ro m  as
d eep  as a k ilo m e tre  w i th in  th e  su b su rfa c e  ex p o sed  b y  th e  im p a c t. T h is  th u s  su p p o r ts
th e  h y p o th e s is  th a t  th e se  fe a tu re s  fo rm e d  b y  th e  d e g ra d a tio n  o f  a n  ice r ic h  lay e r.
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io.2.4 Scalloped depressions around Lagarto Crater
T h e  a ssem b lag e  o f  sca lloped  d e p re ss io n s  a ro u n d  L ag arto  C ra te r  is e v en  la rg e r th a n  th a t  
seen  a t D a v ie s  C ra te r . A t th is  s ite  sca lloped  d e p re ss io n s  e x te n d  a ro u n d  th e  e n tire  
c ra te r, a t a d is ta n c e  o f  a p p ro x im a te ly  te n  k ilo m e tre s  f ro m  th e  r im . N o  fe a tu re s  are 
fo u n d  c lo se r to  th e  c ra te r  r im  o r w ith in  its  in te r io r , su g g es tin g  th a t  th e y  m a y  be lim ite d  
to  th e  d is ta l p a r ts  o f  th e  ejec ta  b la n k e t. T h e se  d e p re ss io n s  a re  m o s t c o n c e n tra te d  
im m e d ia te ly  to  th e  n o r th  east o f  th e  c ra te r. T h e  d is tr ib u tio n  o f  th e se  fe a tu re s  is s im ila r  
to  th a t  w h ic h  w o u ld  be ex p ec ted  fo r  a se c o n d a ry  im p a c t c ra te r  p o p u la tio n . H o w e v e r  
th is  is n o t  b e liev ed  to  be th e  case in  th is  in s ta n c e . L ag arto  c ra te r  is a r a m p a r t  c ra te r  so 
a n y  se c o n d a ry  im p a c t s tru c tu re s  w o u ld  be ex p ec ted  to  h av e  b een  d e s tro y e d  b y  th e  
m o v e m e n ts  o f  th e  c ra te r ’s f lu id ise d  e jec ta  lay e r. T h e  s tru c tu re s  m a p p ed  in  th is  
in v e s tig a tio n  a p p e a r to  c u t in to  th is  e jec ta  lay e r. I t  is th u s  lik e ly  th a t  th e y  a re  fo rm e d  
b y  d e g ra d a tio n  o f  a n  ice r ic h  m a te r ia l  in  th e  n e a r  su b su rface .
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10.3 Classification o f scalloped depressions
A  w id e  ra n g e  o f  d e p re ss io n  an d  p it  m o rp h o lo g ie s  are  fo u n d  w i th in  th e  tw o  s tu d y  a reas. 
T h e s e  s tru c tu re s  ra n g e  f ro m  sm all, n e a r-c irc u la r , fe a tu re s  th ro u g h  la rg e r  d e p re ss io n s  
w i th  sca llo p ed  edges to  v e ry  la rg e  a reas  w h e re  m u ltip le  b a s in s  m e rg e  a n d  m a n y  sq u a re  
k ilo m e tre s  o f  su rf ic ia l m a te r ia l  a re  d eg rad ed .
A lth o u g h  th e  e x ac t m e c h a n ism  th ro u g h  w h ic h  th e se  fe a tu re s  fo rm  is s till  a m a t te r  o f  
d e b a te  th e re  is g e n e ra l a g re e m e n t th a t  th e y  re s u lt  f ro m  th e  d e g ra d a tio n  o f  g ro u n d  ice, 
w h e th e r  th ro u g h  m e ltin g  (e.g . C o s ta rd  an d  K argel, 1995; S o are  e t al., 2007b) o r 
s u b lim a tio n  (e.g . L efo rt e t al., 2009; M o rg e n s te rn  e t al., 2007). C o n s e q u e n tly , th e y  
w o u ld  be ex p ec ted  to  o ccu r in  a reas  w h e re  ic e -rich  te r ra in  is p re se n t, p e rh a p s  as p a r t  o f  
th e  p u ta tiv e  ic e -d u s t m a n tle  th o u g h t  to  o ccu r a t la ti tu d e s  n o r th  o f  4 0 °N , a n d  b la n k e ts  
m u c h  o f  th e  n o r th e rn  p la in s  (M  A  K re s la v sk y  a n d  H e a d , 2002; M u s ta rd  e t al., 2001).
S e jo u rn e  e t al., (2011) d e fin e  a c la s s if ic a tio n  sy s te m  fo r sca llo p ed  d e p re s s io n s  b ased  o n  
th e  e v o lu tio n  o f  th e  fe a tu re s  f ro m  sm a ll su b -c irc u la r  s tru c tu re s  to  in c re a s in g ly  c o m p le x  
b a s in s  w h e re  m u ltip le  fe a tu re s  m erg e  (s h o w n  in  F ig u re  2.7). T h is  c la s s if ic a tio n  sy s te m  
is s im ila r  to  th e  c la ss if ic a tio n  o f  te r re s tr ia l  a lases b y  W a lla c e  (1948), s u m m a r is e d  in  
F ig u re  2.6. T h e se  c la s s if ic a tio n  sc h e m e s  w ere  u sed  to  assess th e  d e v e lo p m e n t o f  tw o  
a reas  o f  sca llo p ed  te r ra in  a ro u n d  D a v ie s  a n d  L ag arto  c ra te rs . S e jo u rn e ’s c la s s if ic a tio n  is 
based  o n  th e  n u m b e r  o f  b r ig h t  b a n d s  v is ib le  in  th e  flo o rs  o f  d e p re s s io n s  in  H iR IS E  
im ag es, s ince  H iR IS E  coverage  is a b s e n t fo r  th is  a rea  a n d  b r ig h t  b a n d s  c a n n o t o f te n  be 
d is tin g u ish e d  th e  c la ss if ic a tio n  h e re  o n ly  a p p ro x im a te s  S e jo u rn e ’s sch em e .
S e jo u rn e ’s c la ss if ic a tio n  h as  m o re  d e ta il  a t th e  e a r ly  s tag es  o f  sca llo p ed  d e p re s s io n
fo rm a tio n , w i th  th e  f irs t fo u r  ca teg o rie s  b e in g  e q u iv a le n t to  th e  y o u n g  la n d sc a p e s
d e fin e d  b y  W a lla c e , w h ile  th e  f i f th  a n d  f in a l c a teg o ry , m e rg in g  fe a tu re s , c o rre sp o n d s  to
W a lla c e ’s m a tu re  lan d scap es. W a lla c e  a d d itio n a lly  d e sc rib e s  “ la te  m a tu r e ” a n d  “ o ld
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ag e” th e r m o k a r s t  fea tu res  w h e re  in s tead  o f  severa l iso la ted  b as in s  m e rg in g  to g e th e r ,  the  
la n d scap e  is d o m in a te d  b y  a large scale a ssem b lag e  o f  l in k ed  basins .  T h i s  ty p e  o f  
la n d scap e  is fo u n d  in  som e p a r ts  o f  th e  su rv e y  area, n e c e ss i ta t in g  a s ix th  ty p e  to  be 
ad d ed  to  S e jo u rn e ’s c la ss if ica t ion  s y s te m  to  descr ibe  th e se  “late m a t u r e ” fea tu res .  A  
v a r ie ty  o f  ex a m p le s  o f  sca lloped d ep re ss io n s  o f  d if fe re n t  ty p e s  are s h o w n  in F igures  10.4 
a n d  10.5
F ig u re  10.4: A  v a r ie ty  o f  S ca llo p ed  d e p re ss io n s  o f  ty p e s  1-4, as d e fin e d  b y  S e jo u rn e  e t
al., (2011).
5 0 0  m
CTX: P 16_007163_2264_XN_46N359W  
Credit: NASA/JPL/ University of Arizona
I n  a d d i t io n  to  c la ss ify ing  each  Scalloped  d ep re ss io n  it w as  g iv en  a grade  f ro m  i to  5 
re f le c t in g  h o w  w ell  it a p p ro x im a te d  th e  ty p e  e x a m p le s  for  th e se  fea tu re s  (see ex am p le s  
in  C h a p te r s  S ix  an d  S e v e n ) ,  in  th is  case th e  ex am p les  in  S e jo u rn e  et al., (2011) w ere  
re fe r red  to  e x te n s iv e ly .  T h e s e  g rades  are e q u iv a le n t  to  th o se  ass igned  to  th e  scalloped 
d e p re s s io n s  e x a m in e d  in  H iR I S E  im ag es  in  C h a p te r  Seven , a l th o u g h  th e  lo w er  
r e s o lu t io n  o f  th e  C T X  im ages  w ill  in e v i ta b ly  re su lt  in  a h ig h e r  p ro p o r t io n  o f  lo w er-  
g rad ed  fea tu res .
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i .o o o  m
CTX; B21_017949_2263_XN 46N359W 
Credit: NASA/JPL/ University of Arizona
F ig u re  10.5: A  ty p e  fiv e  sca lloped  d e p re ss io n  w h e re  tw o  b a s in s  h a v e  c o m p le te ly  m e rg e d
in to  o n e  U  sh a p e d  fea tu re .
A  s u m m a r y  o f  th e  re su l ts  o f  th is  c la ss if ica t io n  p ro ced u re  are p lo t te d  in  F igu re  10.6. 
W h i l e  b o th  s ites show  a s im ila r  d is t r ib u t io n ,  w i th  fea tu re  f re q u e n c y  p e a k in g  in  th e  
in te rm e d ia te  types ,  th e y  are n o t  iden tica l .  In  th e  L agarto  C ra te r  a rea th e  m o s t  c o m m o n  
fea tu re s  are  th o se  o f  ty p e  th re e  w i th  a s teep  decrease  in  f re q u e n c y  fo r  th e  m a tu re ,  m o re  
deg rad ed  types .  I n  D a v ie s  c ra te r  th e  m o s t  c o m m o n  sca lloped  d ep re s s io n s  are o f  ty p e  
four.  T h i s  suggests  th a t  th e  d eg raded  te r r a in  a ro u n d  D a v ie s  c ra te r  m a y  be m o re  m a tu r e  
t h a n  th a t  a ro u n d  Lagarto  C ra te r .  B o th  s ites h av e  large n u m b e r s  o f  m a tu r e  fea tu re s ,  
sugges t ing  th a t  d e sp ite  d if fe rences  in  th e  f re q u e n c y  o f  fea tu re s  o f  d i f f e r e n t  ty p e s  th e y  
are b o th  fa ir ly  m a tu re  landscapes .
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F ig u re  io.6: C la s s if ic a tio n  o f  S ca llo p ed  d e p re ss io n s  a t th e  tw o  s tu d y  areas in to  th e  ty p e s  
d e f in e d  b y  S e jo u rn e  e t al., (2011) a n d  il lu s tra te d  in  f ig u re  10.4. H ig h e r  n u m b e re d  ty p e s  
a re  b e liev ed  to  be th e  m o re  m a tu re  fe a tu re s  w h ile  th o s e  w ith  lo w e r  n u m b e rs  ap p ear 
y o u n g e r , a ) L ag arto  C ra te r , b ) D a v ie s  C ra te r .
E x a m in in g  th e  n u m b e r  o f  fea tu re s  o f  each  ty p e  g ives  a sense  o f  w h ic h  are m o s t  
n u m e r o u s  it does no t ,  h o w ev e r ,  a c c o u n t  for  the  re la t ive  areas  o f  th e  d if fe ren t  fea tures . 
A  ty p e  five d ep re ss io n  is m u c h  larger  t h a n  a ty p e  one  fea tu re ,  an d  ty p e  six reg ions  
c o v e r  v e ry  ex te n s iv e  areas. S ince  th e  h ig h e r  ty p e  fea tu re s  fo rm  th r o u g h  th e  coalescence 
o f  sm a l le r  s t ru c tu re s ,  it w o u ld  be ex p ec ted  th a t  th e re  w o u ld  be a d ro p -o f f  in  n u m b e r  o f  
fe a tu re s  as th e  landscape  m a tu re s ,  b u t  th a t  th e  deg raded  area w o u ld  c o n t in u e  to  
increase .
C o n s e q u e n t ly ,  it is m o re  u se fu l  to  co n s id e r  th e  to ta l  area covered  b y  fea tu re s  o f  each 
ty p e  an d  th e  average  area o f  a fea tu re  o f  a n y  g iv en  type . T h i s  is p lo t ted  in  F igure  10.7 
w h i le  T a b le  10.1 sh o w s  th e  p r o p o r t io n  o f  th e  area o f  each  site covered  by  these  fea tures .  
I t  can  be seen  th a t ,  a l th o u g h  th e y  cover  a v e ry  large area in  t e rm s  o f  square  m e tres ,  
t h e y  are o n ly  ta k in g  u p  a f ra c t io n  o f  th e  su r ro u n d in g  area.
T a b le  i o . i  P e rc e n ta g e  o f  a rea  d eg rad ed  b y  sca lloped  te r ra in  a ro u n d  each  o f  th e  tw o
c ra te rs .
A rea o f C T X  
Im age (m 2) D egraded A rea (m 2)
°/o o f area 
D egraded
Lagarto Crater 6 .2 4  x i o 9 81 .4 9  X IO 2 .3 8
Davies Crater 2 .7 9 X 1 0 9 81 .0 4  X IO 3-72
344
a)
8.0E+07
7.0E +07
6.0E +07
CM
5.0E +07
ra
|  4 .0E +07
■g 3 .0E +07 
l-
2.0E +07
1.0E+07
O.OE+OO
b)
3.00E +06
CM
2 .50E +06
(A
CO
o  2 .00E +06
.co
S 1.50E +064—o
o 1 .00E +06 
<
«  5 .00E +05 o
2
O.OOE+OO
F ig u re  10.7: A re a s  co v e red  b y  sca llo p ed  d e p re ss io n s  a ro u n d  D a v ie s  C ra te r .
In te re s t in g ly ,  th e  area covered  by  sca lloped d e p re ss io n s  o f  each  ty p e  a r o u n d  D a v ie s  
C ra te r  inc reases  s tead i ly  w i th  in c rea s in g  fe a tu re  type .  L agarto  C ra te r ,  o n  th e  o th e r  
ha n d ,  has  a m u c h  la rger  area covered  b y  g rade  th re e  fea tu res ,  a l th o u g h  g rade  six 
fea tu re s  still co v e r  th e  la rges t  area. T h i s  f i ts  w i th  th e  o b se rv a t io n  t h a t  g rade  th r e e  
fea tu re s  w ere  m o s t  n u m e r o u s  at th i s  site an d  c o n f i rm s  th a t  th i s  re g io n  h as  a h ig h e r  
p r o p o r t io n  o f  less m a tu re  fea tu res .
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10.8: A re a  co v ered  b y  sca lloped  d e p re ss io n s  a ro u n d  D a v ie s  C ra te r .
T h i s  m a y  m e a n  th a t  th e  landscape  a ro u n d  D av ie s  c ra te r  w as  ac tive  fo r  a lo n g e r  period
o f  t im e ,  a l lo w in g  m o re  o f  th e  v e ry  m a tu r e  fea tu re s  to  deve lop  a n d  a la rger  pe rcen tag e  o f
th e  m a n t le d  area to  b eco m e  degraded . A l th o u g h  L agarto  c ra te r  ac tu a l ly  has  a s l igh tly
la rg e r  d eg rad ed  area it is n o t  as large a p ro p o r t io n  o f  th e  to ta l  area su rveyed .  H o w e v e r
s ince  L agarto  C r a te r  still e x h ib i ts  n u m e r o u s  large h ig h ly  deg raded  areas it is u n l ik e ly  to
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b e  su b s ta n tia lly  y o u n g e r  th a n  th e  D av ie s  area . B o th  h av e  e x te n s iv e  a reas  o f  ty p e  six  
d e p re ss io n s , w i th  a sm a lle r  p ro p o r t io n  o f  sm a lle r , less w e ll-d ev e lo p ed  fea tu re s .
I t  is a lso  in te re s tin g  to  n o te  th e  g en e ra lly  sm a lle r  m e a n  a reas  o f  a ll o f  th e  L ag arto  
C ra te r  fea tu re s . T h e  sam e tr e n d  o f  in c re a s in g  m e a n  area  is seen  in  b o th  d a ta  sets. B u t 
th e  fe a tu re s  a ro u n d  th e  la rg e r  L ag arto  C ra te r  a re  s u b s ta n tia lly  sm a lle r  th a n  in  th e  less 
e x te n s iv e  d e p re ss io n  fie ld  a ro u n d  D a v ie s  c ra te r.
10.4 Presence o f Patterned Ground
F ra c tu re  p o ly g o n s  h av e  f re q u e n tly  b e e n  o b se rv ed  to  o ccu r in  a sso c ia tio n  w i th  sca llo p ed  
d e p re ss io n s , as o b se rv ed  b y  (H a l t ig in  e t al., 2014; L evy  e t al., 2009; S e jo u rn e  e t al., 2011 
an d  re fe re n ce s  th e r in ) .  T h is  is c o n s is te n t w ith  th e  su b s tra te  b e in g  a n  ice -r ich  m a te r ia l. 
F ra c tu re s  a re  o f te n  fo u n d  w i th in  th e  sca llo p ed  d e p re ss io n s  as w e ll as o n  th e  
su rro u n d in g  p la in s , su g g estin g  th a t  th e y  p o s t-d a te  th e  fo rm a tio n  o f  th e  d e p re ss io n s  
(H a l t ig in  e t al., 2014; S e jo u rn e  e t al., 2011). B o th  s tu d y  a reas  c o n ta in  te r ra in s  c o m p ris in g  
a re g u la r  d ec a m e tre -sc a le  p a t te rn  o f  d a rk  a n d  lig h t p a tc h e s  as i l lu s tra te d  in  F ig u re  
(10.8). T h e se  p a tte rn s  g ive  th e  g ro u n d  a “ s tip p le d ” ap p e a ra n ce  w h ic h  co u ld  be  a n  
e x p re ss io n  o f  f ra c tu re  n e tw o rk s  b e lo w  th e  re s o lu tio n  o f  th e  im ag es. H o w e v e r , th e  lo w  
re s o lu tio n  o f  C T X  im ag es  m ak es  it  im p o ss ib le  to  be c e r ta in  w h e th e r  f ra c tu re  p o ly g o n s  
are  d e f in ite ly  p re s e n t a t  th e se  s ite s  o r n o t.
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V JM L CTX: B01 _009932_2301 _XN_50N008W
Credit: NASA/JPL/ University of Arizona V t-  <■ -,^ s# ■ "
F ig u re  10.9: M a tu re  sca lloped  d e p re ss io n s  o v e rla in  b y  s tip p le d  te r ra in , a p a t te rn  o f  d a rk  
a n d  lig h t p a tc h e s  w h ic h  co u ld  b e  ev id en ce  o f  a f ra c tu re  n e tw o rk  b e lo w  th e  re so lu tio n  o f
th e  im age.
T h i s  s t ipp led  te r r a in  u su a l ly  co n s is ts  o f  b r ig h t  p a tch es  s u r ro u n d e d  b y  a d a rk e r  r im , and  
are g en e ra l ly  less t h a n  a few  te n s  o f  m e tre s  across, a l th o u g h  th e re  are areas  w h e re  less 
reg u la r  p a t te rn s  appear.  T h e y  occur  o n  th e  ex p ec ted  scale fo r  f rac tu re  p o ly g o n s  and  
th e i r  re la t io n sh ip  to  th e  scalloped d ep re ss io n s  m a tc h e s  th e  asso c ia t io n  seen  in  o th e r  
p a r ts  o f  th e  n o r th e r n  p la ins .  It  is l ike ly  th a t  th is  s t ipp led  te r r a in  is th e  te r ra in  ty p e  
desc r ibed  as “b ask e tb a l l  t e r r a in ” by  som e s tud ies  (L ev y  et al., 2010; M a l in  a n d  Edgett ,  
2001). “B aske tba ll  t e r r a in ” is k n o w n  to  co ns is ts  o f  sm a ll  ru b b le  piles on  th e  m o u n d s  
b e tw e e n  d e g rad ed  f ra c tu re  n e tw o rk s  (K re s la v sk y  an d  H e a d ,  2000; Levy et al., 2010, 
2008c; M a l in  a n d  E dge tt ,  2001).
S evera l  p a tc h e s  o f  s t ipp led  te r ra in  are covered  b y  H iR I S E  im ages,  in  these  loca tions  the  
b r ig h t  c e n t re s  a p p ea r  to  be th e  spaces b e tw e e n  n a r ro w  ra ised  fea tu res  th a t  could  be 
h e a v i ly  d e g rad ed  low  c e n tre d  p o lygons .  I t  is im po ss ib le  to  be ce r ta in  th a t  th is  v a r ie ty  o f
p a t t e r n e d  g r o u n d  i s  i n d i c a t i v e  o f  f r a c t u r e  p o l y g o n s ,  b u t  t h i s  s e e m s  t o  b e  a  r e a s o n a b l e
in te rp re ta t io n .
10.4.1 Distribution o f Scalloped depressions w ith associated stippled 
ground
F igures  10.9 and  10.10 sh o w s  th e  d i s t r ib u t io n  o f  th e  scalloped d e p re s s io n s  w i th  
assoc ia ted  s t ipp led  te r r a in  across  b o th  s tu d y  areas. Scalloped  d ep re ss io n s  a ro u n d  D av ie s  
C r a te r  are o f ten ,  t h o u g h  n o t  u n iv e rsa l ly ,  fo u n d  in  p r o x im i ty  to  th is  so r t  o f  p a t te rn e d  
g ro u n d .  W h i l e  it is p re se n t  a ro u n d  all o f  th e  fea tu re s  n e a r  Lagarto  C ra te r .
S calloped  
D e p re s s io n s  
a ro u n d  
L ag arto  C r a te r
20 Kilometers
Presence o f Polygons 
■call other values> 
Polygons 
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A
F ig u re  10.10: D is tr ib u tio n  o f  sca llo p ed  d e p re ss io n s  w i th  p u ta t iv e  f ra c tu re  p o ly g o n s  
a ro u n d  L ag arto  C ra te r . A ll d e p re ss io n s  h a v e  a t le a s t p a r tia l  o v e r la p  w i th  p o ss ib ly
fra c tu re d  te r ra in s .
r a r t o
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F ig u re  i o . i i : D is tr ib u tio n  o f  sca lloped  d ep re ss io n s  w i th  fra c tu re  p o ly g o n s  a ro u n d  
D a v ie s  C ra te r . F ra c tu re d  te r ra in  is m u c h  less c o m m o n  in  th is  reg io n , an d  fa r  fe w e r
sca llo p s h a v e  fo rm e d  o n  th e m .
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T h e  m a jo r ity  o f  th e  C T X  im ag es  c o v e rin g  L ag arto  c ra te r  are  co v ered  b y  s tip p led  
te r ra in . C o n se q u e n tly , all ex a m p le s  o f  sca lloped  d e p re ss io n s  in  th is  area  w ere  
su rro u n d e d  b y  s tip p le d  g ro u n d  an d  m a n y  h a v e  p a tte rn e d  g ro u n d  w i th in  th e ir  in te r io rs .
T h e  sam e  tr e n d  w a s  n o t  re fle c ted  a t D a v ie s  c ra te r  w h e re  o n ly  h a l f  o f  th e  p i t te d  an d  
d eg rad ed  a rea  e x h ib its  s tip p led  g ro u n d . T o  so m e  e x te n t  th is  m a y  be d u e  to  th e  c la r ity  o f  
th e  im ag es. M a n y  s ite s  in  th is  a rea  h a v e  te x tu re s  w h ic h  cou ld  be ev id en ce  o f  s tip p lin g , 
H o w e v e r  it  is im p o ss ib le  to  be c e r ta in  w h e th e r  th e se  fe a tu re s  a re  p re se n t o r n o t. A t  th is  
s ite  th e  m a jo r ity  o f  s ite s  w i th  s tip p le d  te r ra in s  o c c u r to  th e  n o r th  o f  D a v ie s  C ra te r . 
O n ly  16 o f  th e  sca lloped  d e p re ss io n s  w i th in  th e  c ra te r  r im  a p p e a r to  o ccu r o n  s tip p led  
te r ra in , th e  o th e rs  la c k in g  th e se  te x tu re s . N o n e  o f  th e  re la tiv e ly  sp arse  fe a tu re s  to  th e  
so u th  o f  th e  c ra te r  e x h ib ite d  s tip p led  g ro u n d .
10.4.2 Ground Ice
A s su m in g  th a t  th e se  fe a tu re s  do  re p re s e n t f ra c tu re  p o ly g o n  n e tw o rk s  o f  th e  so rt 
d iscu ssed  in  C h a p te r  S ev en  th e n  th e i r  d is tr ib u tio n  w o u ld  be ex p ec ted  to  be lin k e d  to  
g ro u n d  ice. T h e se  s ite s  a re  n o t  ex p e c te d  to  be p a r tic u la r ly  ic e -r ic h  in  th e  p re s e n t day . 
L ag arto  C ra te r  is lo ca ted  a t 49 °N . C o n se q u e n tly , it  co u ld  be ex p ec ted  to  h av e  m o re  
c o n tin u o u s  g ro u n d  ice th a n  D a v ie s  c ra te r , lo ca ted  a t 45 °N . I f  th e  la t te r  c ra te r  is fa r  
e n o u g h  so u th  th a t  th e  g ro u n d  ice is n o t  c o n tin u o u s  th e n  fe w e r  f ra c tu re  p o ly g o n s  w o u ld  
be ex p ec ted  to  fo rm . A lte rn a tiv e ly , i f  th e  g ro u n d  ice w as  th in n e r  h e re  th e n  it  is p o ss ib le  
th a t  th e  sca lloped  te r ra in s  h a v e  d e fla te d  th e  e n tire  d e p th  o f  th e  ice tab le , le a v in g  o n ly  
ice -free  te r ra in  b e low , in  w h ic h  th is  ty p e  o f  p a tte rn e d  g ro u n d  c a n n o t fo rm .
V a lu e s  o f  w a te r  e q u iv a le n t h y d ro g e n  ( W E H ) ,  b ased  o n  e p ith e rm a l n e u tro n
m e a s u re m e n ts  (F e ld m a n  e t al., 2004) w e re  c o m p a re d  fo r  th e  tw o  c ra te rs . W E H
m e a s u re m e n ts  a ro u n d  L ag arto  C ra te r  su g g est a p ro p o r t io n  o f  ice in  th e  n e a r  su b su rfa c e
o f  5 - 7 0 /0  b y  w e ig h t. M e a su re m e n ts  a ro u n d  D a v ie s  C ra te r  a re  n o t  as h ig h , ra n g in g  f ro m
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5 '6 o/0 b y  w e ig h t. T h is  su p p o rts  th e  h y p o th e s is  th a t  th e  u b iq u ito u s  s tip p led  te r ra in  
a ro u n d  L ag arto  C ra te r  co u ld  be due  to  a h ig h e r  c o n c e n tra tio n  o f  n e a r  su rface  g ro u n d  
ice.
H o w e v e r  b o th  W E H  m e a su re m e n ts  are  g e n e ra lly  lo w  c o m p a re d  to  th e  h ig h  n o r th e rn  
la ti tu d e s  w h e re  f ra c tu re  p o ly g o n s  are  m o re  c o m m o n . I t  sh o u ld  b e  n o te d  th a t  such  
m e a s u re m e n ts  o n ly  sam p le  th e  u p p e r  la y e rs  o f  th e  re g o lith  ( th e  u p p e r  50-ioocm ; 
(B o y n to n  e t al., 2010; F e ld m a n  e t al., 2002)) so low  W E H  m e a su re m e n ts  do n o t  ru le  o u t 
a la rg e r v o lu m e  o f  ice a t d e p th  w h e re  it  w o u ld  b e  ex p ec ted  to  be m o re  s tab le  a t th is  
la titu d e . I t  is a lso  p o ss ib le  th a t  th e se  sca lloped  d e p re ss io n s  fo rm e d  d u rin g  a p e rio d  
w h e n  ice c o n te n t  o f  th e  so il in  th is  re g io n  w as  m u c h  h ig h e r  th a n  it  p re se n tly  is.
10.5 Depression asymmetry
W h ile  th e  lack  o f  H iR IS E  im ag es a t th e se  s ite s  l im its  th e  e x te n t  to  w h ic h  th e ir  sm all 
scale m o rp h o lo g y  can  be  ch a ra c te rise d , it  is o f te n  p o ssib le  to  d e te rm in e  w h e th e r  th e  
d e p re ss io n  is a sy m m e tr ic  o r  n o t. S ca llo p ed  d e p re ss io n s  f re q u e n tly  h a v e  o n e  steep er, o r 
b e tte r  d e fin ed , edge, w h ile  th e  o th e r  side o f  th e  s tru c tu re  is less c lear (e .g . L efo rt e t al., 
2009; M o rg e n s te rn  e t al., 2007). T h e  a s y m m e try  o f  sca lloped  d e p re ss io n  in  U to p ia  
P la n itia  h a s  b e e n  u sed  as th e  basis  fo r  sev e ra l m o d e ls  o f  fo rm a tio n . T h e  o r ie n ta t io n  o f  
th is  s te e p e r  w a ll is s ig n if ic a n t in  d e te rm in in g  th e  o r ig in  o f  th e se  fe a tu re s , as d if fe re n t 
o r ie n ta t io n s  w o u ld  b e  ex p e c te d  u n d e r  d if fe re n t c lim a tic  c o n d itio n s .
O n e  slope  w ill ty p ic a lly  rece iv e  m o re  in so la tio n  th a n  th e  o th e r, an d  g ro u n d  ice in  th is
s lope  w ill e x p e rie n c e  m o re  th a w  o r su b lim a tio n  cau s in g  it to  e ro d e  an d  th e  sca lloped
d e p re ss io n  to  e x p a n d  th ro u g h  re tro g re ss iv e  co llapse . In  th e  p re s e n t d ay  it  w o u ld  be
e x p e c te d  th a t  th e  e q u a to r  fac in g  slope  w ill rece iv e  th e  h ig h e s t in so la tio n  a n d  so th is
w ill  b eco m e  th e  s te e p e r  slope  (e.g . L e fo rt e t al., 2009; M o rg e n s te rn  e t al., 2007). T h is  is
e x p e c te d  to  be th e  d o m in a n t m o d e l d u r in g  lo w  o b liq u ity  perio d s.
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C o n v e r s e ly  a large n u m b e r  o f  s teepe r  s o u th e rn ,  pole facing, s lopes w o u ld  suggest 
e q u a to rw a rd  e x p a n s io n .  T h i s  w o u ld  be m o re  l ike ly  to  occur  u n d e r  h ig h  o b l iq u i ty  
c o n d i t io n s .  In  th i s  case th e  increased  ax ia l ti l t  m e a n s  th a t  pole fac in g  slopes receive 
m o re  in so la t io n  (S e jo u rn e  et al., 2011, 2009; U l r i c h  et al., 2010).
In  th e  p lo ts  p re se n te d  be low  th e  edge o f  th e  s t ru c tu re  w h ic h  is c learer, o r  ap p ea rs  
s teepe r  is d isp layed , n o t  th e  aspec t o f  th e  s teepes t  slope. T h u s  a d ep re ss io n  m a rk e d  
N o r t h  ( N )  has  a s teepe r  n o r th e rn ,  o r  e q u a to r  facing, wall,  w h i le  a d e p re ss io n  m a rk e d  
S o u th  (S )  has  a s teepe r  s o u th e rn ,  o r  pole fac ing , wall.
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F ig u re  10.12: D is tr ib u tio n  o f  sca llo p ed  d e p re ss io n s  w i th  a c lea r  a sy m m e tr ic  p ro f ile s  
a ro u n d  L ag arto  C ra te r . N o r th  in d ic a te s  a s te e p e r n o r th w a rd s , e q u a to r  fa c in g  slope. 
W h ile  S o u th  in d ic a te s  th a t  th e  so u th e rn , po le  fac in g  slope  is s teep e r.
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F ig u re  10.13: D is tr ib u tio n  o f  sca llo p ed  d e p re ss io n s  w i th  c lea r a sy m m e tr ic  p ro file s
a ro u n d  D av ie s  C ra te r .
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In  D a v ie s  C ra te r  it  is c lea r  th a t  n o r th  an d  so u th  a sy m m e try  is m u c h  m o re  c o m m o n  
th a n  east o r w e s t a s y m m e try . T h is  f i ts  w i th  p a s t o b se rv a tio n s  o f  sca llo p ed  d e p re ss io n s  
w h e re  th e  s te e p e r  w a ll w a s  g e n e ra lly  fo u n d  to  be e i th e r  po le  o r  e q u a to r  fa c in g . S teep  
n o r th e rn  w a lls  are  m o re  c o m m o n  o n  th e  s o u th e rn  side o f  th e  c ra te r , w h e re  v e ry  few  
scallo p ed  d e p re ss io n s  fe a tu re  a m o re  p ro m in e n t s o u th e rn  w a ll. D a v ie s  c ra te r  h as  
a p p ro x im a te ly  eq u a l p ro p o r tio n s  o f  po le  an d  e q u a to r  fac in g  slopes. H e re  th e re  are  o n ly  
22 m o re  so u th  fac in g  fe a tu re s  th a n  n o r th  fac in g  ones.
T h is  is n o t  th e  case a t L ag arto  C ra te r , w h e re  S o u th  fac in g  fe a tu re s  a re  m u c h  m o re  
c o m m o n . I t  sh o u ld  be n o te d  th a t,  a l th o u g h  th is  c ra te r  h as  m o re  sca llo p ed  d e p re ss io n s  
o v era ll, fe w e r o f  th e m  h a v e  a c le a r  a s y m m e try . F a r m o re  fe a tu re s  h a d  u n c e r ta in  
a s y m m e try  o r n o  c lea rly  s te e p e r  slope. A  u se fu l e x p a n s io n  to  th is  in v e s t ig a tio n  w o u ld  
be to  c o n s tru c t d ig ita l e le v a tio n  m o d e ls  o f  th e se  s ite s  so th a t  th e  p ro f ile s  o f  th e se  
d e p re ss io n s  cou ld  be m e a su re d  d ire c tly , a lle v ia tin g  th e  u n c e r ta in t ie s  in tro d u c e d  b y  
c a te g o ris in g  th e se  fe a tu re s  b y  v isu a l in sp e c tio n .
10.6 Detailed exam ination o f  scalloped depressions in  
ESP_o353oz_z26o
T h e  13 sca lloped  d e p re ss io n s  in  H iR IS E  ESP_035302_226o a llo w  a m o re  d e ta ile d  
e x a m in a tio n  th a n  is p o ss ib le  u s in g  C T X  im ag es. A lth o u g h  th e se  d e p re s s io n s  h a v e  th e  
sam e scallo p ed  m o rp h o lo g y  as th e i r  c o u s in s  in  U to p ia  P la n itia , th e y  a lso  h a v e  se v e ra l 
m o rp h o lo g ic a l d iffe re n c es  to  th e  fe a tu re s  o b se rv ed  b y  s tu d ie s  in  th a t  a rea .
T h e  d e p re ss io n s  a re  ra re ly  f la t f lo o red  b u t  f re q u e n tly  h a v e  a v e ry  ro u g h  in te r io r . O f te n  
la rg e  b lo ck s o f  m a te r ia l  a re  p re se n t w i th in  th e  c e n tre  o f  a d e p re ss io n  a n d  n u m e ro u s  p its  
a n d  h u m m o c k s  c o v e r th e m . T h is  co u ld  be d u e  to  th e  lo c a tio n  o f  th e s e  fe a tu re s  o n  th e
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ejecta b la n k e ts  o f  large im p a c t  c ra ters .  T h e  d e g ra d a t io n  o f  th e  ice-r ich  surfic ia l  m a n t le  
ex p o ses  w h a te v e r  lies b e n e a th ,  w h ic h  in  th is  case could  be rugged  ejecta m a te r ia l .
A l te rn a t iv e ly ,  th e se  fea tu re s  m a y  be re la t iv e ly  old, h a v in g  been  d eg raded  by  o th e r  
e ros ive  p rocesses  in  th e  t im e  since th e y  in i t ia l ly  fo rm ed .  T h i s  is su p p o r ted  by  th e  ro u g h  
m o rp h o lo g y  o f  m a n y  d ep re ss io n  r im s  a n d  th e  fact th a t  it is th e  m o rp h o lo g ic a l ly  m o re  
m a tu r e  fe a tu re s  w h ic h  are m o re  l ike ly  to  h av e  a ro u g h -f lo o red  m o rp h o lo g y .  M a n y  o f  
th e  sm a l le r  s t ru c tu re s  are sm o o th e r ,  a l th o u g h  m a n y  are also q u i te  fa in t,  sugges ting  
su b s e q u e n t  d e g ra d a t io n  or  p oss ib ly  in f i l l ing , or th a t  th e y  did  n o t  incise  v e ry  deep ly  in to  
th e  m a n t le  m a te r ia l  in  th e  f irs t  place. T h e s e  fea tu re s  g en era l ly  lack  th e  b r ig h t  ban d s  
o b se rv ed  in  scalloped d ep re ss io n s  in  U to p ia  P lan it ia .
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HiRlSE: ESP_035302_2260 
Credit: NASA/JPU University of Arizona
F ig u re  10.14: I l lu s tra t io n  o f  la rg e  g rad e  3 sca lloped  d ep re ss io n s . T h e se  s tru c tu re s  a re  
c la ss if ie d  as ty p e  4-5 as sev e ra l sca llo p ed  d ep re ss io n s  a re  m e rg in g  to  fo rm  a la rg e r b a s in . 
T h e  tw o  s o u th e r ly  fe a tu re s  e x h ib it  s te e p e r n o r th e rn  w a lls  w h ile  th e  n o r th e rn  m o s t 
fe a tu re , w h ic h  is th e  b e s t d e fin e d  h a s  a s teep  so u th  e a s te r ly  w all.
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0 k  HiRISE: ESP_035302_2260
Credit: NASA/JPL/University of Arizona V i y r
F ig u re  10.15: I l lu s tr a t io n  o f  g rad e  tw o  sca llo p ed  d e p re ss io n s  w i th  a la rg e  n u m b e r  o f  p its  
w i th in  th e i r  in te r io r . T h e se  fe a tu re s  h a v e  sh a rp e r  so u th e rn  w a lls; th e  w e s te rn m o s t  
fe a tu re  is c la ss if ied  as ty p e  o n e  w h ile  th e  o th e rs  a re  ty p e  th re e  fe a tu re s .
10.7 Discussion
In  genera l  b o th  s ites are fa ir ly  s im i la r  in  m o rp h o lo g y .  In  b o th  cases, th e  a sse m b la g e s  
are c learly  w e ll -d ev e lo p ed .  T h e  la rgest area is co v ered  b y  n u m e r o u s  m a tu r e  d e p re s s io n s  
w h ic h  h a v e  c lear ly  u n d e rg o n e  e x te n s iv e  d e g ra d a t io n  o v e r  long  p e r io d s  o f  t im e .  
A l th o u g h  “old a g e d ” s t ru c tu re s  are p r o m in e n t ,  th e y  h av e  n o t  d eg raded  th e  e n t i r e  area, 
a n d  sm all  fea tu res ,  w h ic h  h av e  n o t  h ad  t im e  to  dev e lo p  in to  la rg e r  coa lesced  te r ra in s ,  
are still seen.
T h i s  suggests  th a t  sca lloped  d ep re ss io n  d e v e lo p m e n t  m a y  h av e  o c c u r re d  o v e r  a long  
per iod  o f  t im e ,  r a th e r  t h a n  in  a d isc re te  t im e  per iod , because  th e re  w as  su f f ic ie n t  t im e  
fo r  a large area to  evo lve  f ro m  y o u n g  to  m a tu re ,  b u t  y o u n g  fe a tu re s  w e re  still f o r m in g  
d u r in g  o n g o in g  d eg rad a t io n .
B o th  s ites  e x h ib it  th e  sam e  v a r ie ty  o f  d e p re ss io n  m o rp h o lo g ie s , in c lu d in g  e x te n s iv e  
ty p e  six  re g io n s  w h ic h  ap p e a r to  be v e ry  m a tu re  s tru c tu re s . I t  is c o n se q u e n tly  in fe rre d  
th a t  th is  is a n  o ld  lan d scap e  th a t  h as  u n d e rg o n e  m a n y  p h ases  o f  d e g ra d a tio n . T h e  fac t 
th a t  th e se  d e p re ss io n s  a p p e a r h e a v ily  d eg rad ed  w i th  ro u g h  in te r io r  su rfaces  an d  
ir re g u la r  r im s  a lso  su p p o rts  th is  p o ss ib ility .
A n  a s y m m e tr ic  p ro file  c an  be o b se rv ed  in  m a n y  o f  th e  sca lloped  d ep re ss io n s . W h ile  th e  
fu ll ra n g e  o f  a sp ec ts  is re p re se n te d  a t b o th  sites , it  is c lea r th a t  s teep  so u th e rn  w a lls  are 
m o re  c o m m o n  a t b o th  sites . T h is  p rev a le n c e  fo r  po le  fac in g  slopes p ro b a b ly  in d ic a te s  
th a t  th e se  s tru c tu re s  fo rm e d  d u r in g  a p e rio d  o f  h ig h e r  o b liq u ity  w h e n  th e  g re a te r  ax ia l 
t i l t  re su lte d  in  in c rea sed  in s o la tio n  o n  po le  fac in g  s o u th e rn  slopes. S in ce  th e  la s t p e rio d  
d u r in g  w h ic h  o b liq u ity  ex ceed ed  40 deg rees  o ccu rred  a p p ro x im a te ly  5 M a  ago, th is  m a y  
c o n s tra in  th e  m in im u m  age o f  th e  fea tu re s . T h is  fo rm a tio n  p e rio d  w o u ld  lik e ly  a cco u n t 
fo r  th e  g e n e ra lly  d eg rad ed  lo o k  o f  th e se  d ep re ss io n s , an d  th e i r  c la ss if ic a tio n  as a m a tu re  
lan d scap e .
D e sp ite  th e se  s im ila r itie s  it  w o u ld  ap p e a r th a t  th e  tw o  s ite s  do n o t  h a v e  an  id e n tic a l 
e v o lu tio n a ry  h is to ry . A t D a v ie s  C ra te r , th e  to ta l  a rea  co v ered  b y  each  ty p e  o f  
d e p re ss io n  in c reases  w i th  ty p e , b u t  th is  is n o t  th e  case a t L ag arto  C ra te r . H e re , a fa r  
la rg e r  a rea  is co v ered  b y  ty p e  th re e  sca lloped  d e p re ss io n s  th a n  b y  th o se  o f  ty p e  fo u r  o r 
f iv e  (F ig u re  10.7). T h is  su g g ests  th a t  th e se  fe a tu re s  cou ld  h av e  d ev e lo p ed  o v e r a s lig h tly  
s h o r te r  p e rio d  o f  tim e , so th a t  fe w e r o f  th e se  ty p e  th re e  fe a tu re s  h a d  t im e  to  g ro w  an d  
m e rg e  in to  ty p e  fo u r  an d  fiv e  s tru c tu re s . H o w e v e r  th e  d eg rad ed  n a tu re  o f  th e  lan d scap e  
su g g es ts  th a t  it  h a s  b e e n  a lo n g  t im e  since  th e  p e rio d  w h e n  sca lloped  d ep re ss io n  
fo rm a tio n  w as  ac tiv e .
T h e re  is a lso  a d iffe re n c e  in  th e  p rev a le n c e  o f  s tip p le d  te x tu re d  su rfaces  b e tw e e n  th e  
tw o  s ites . A lm o s t  a ll o f  th e  sca llo p ed  d e p re ss io n s  a ro u n d  L ag arto  c ra te r  e x h ib it  th is
te x tu re , b u t m a n y  o f  th o se  in  p ro x im ity  to  D a v ie s  c ra te r  do n o t. T h is  m a y  su g g est th a t  
D a v ie s  C ra te r , b e in g  th e  m o re  s o u th e r ly  o f  th e  tw o  sites , is n o t  as good  a n  e n v iro n m e n t 
fo r  th e  d e v e lo p m e n t o f  th is  so r t o f  p a tte rn e d  g ro u n d . I f  th e  s tip p le d  te x tu re  re flec ts  
g ro u n d  p a tte rn e d  b y  th e rm a l c o n tra c tio n  p o ly g o n s  th e n  th is  co u ld  be d u e  to  c lim a te  
d iffe ren ces , o r  th e  a v a ila b ility  o f  n e a r-su rfa c e  g ro u n d  ice.
10.8 Summary
In  su m m a ry  th e  e v id e n c e  assessed  in  th is  in v e s tig a tio n s  su g g es ts  th a t  th e  sca llo p ed  
d e p re ss io n s  a ro u n d  D a v ie s  a n d  L ag arto  C ra te rs  a re  re la tiv e ly  o ld , m a tu re  la n d fo rm s . 
T h e  d o m in a n t a sp ec t o f  th e ir  s te e p e r  slopes is c o n s is te n t w i th  fo rm a tio n  d u r in g  p a s t 
h ig h e r  o b liq u ity  p e rio d s . T h is  is su p p o rte d  b y  th e  h e a v ily  d eg rad ed  a p p e a ra n ce  o f  th e se  
fe a tu re s  w h ic h  ap p e a r m o re  e ro d ed  th a n  m a n y  o f  th e  sh a rp , y o u n g  lo o k in g  sca llo p ed  
d e p re ss io n s  o f  U to p ia  P la n itia . S tip p le d  te r ra in s  w h ic h  m a y  be  ev id e n c e  o f  th e  p re se n c e  
o f  f ra c tu re  p o ly g o n s  a t o r  b e lo w  th e  re s o lu tio n  o f  th e  C T X  im a g e s  w e re  fo u n d  to  be 
m o re  c o m m o n  a ro u n d  th e  n o r th e rn m o s t  L ag arto  C ra te r . T h is  co u ld  be  d u e  to  th e  
s lig h tly  h ig h e r  p ro p o r tio n s  o f  w a te r  e q u iv a le n t h y d ro g e n  a t th is  s ite , w h ic h  su g g ests  
th a t  m o re  g ro u n d  ice is p re se n t h e re  th a n  a t D a v ie s  c ra te r . H o w e v e r  th e  d iffe re n c e s  in  
W E H  are  v e ry  sm all an d  th e  v a lu es  fo r  b o th  c ra te rs  are  m u c h  lo w e r th a n  th o s e  se e n  a t 
h ig h  n o r th e rn  la ti tu d e s  w h e re  f ra c tu re  p o ly g o n s  are  u b iq u ito u s .
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ii Chapter Eleven: Discussion
T h is  c h a p te r  is d iv id e d  in to  th re e  m a in  sec tio n s . T h e  f irs t ad d re sse s  v a rio u s  
m e th o d o lo g ic a l issues, p r im a r ily  p e r ta in in g  to  th e  re m o te  sen s in g  su rv ey , a n d  d iscu sses  
th e  w a y s  in  w h ic h  th e se  h av e  b e e n  a c c o u n te d  fo r  d u r in g  th e  in v e s tig a tio n .
T h e  seco n d  se c tio n  p ro v id e s  a sy n th e s is  o f  th e  re su lts  a n d  an a ly s is  p re se n te d  
th ro u g h o u t th e  th e s is  a n d  d iscu sses  th e ir  im p lic a tio n s  fo r  a p e rig lac ia l h y p o th e s is . T h is  
se c tio n  also  co m p a re s  th e se  re su lts  to  th o se  o f  p re v io u s  s tu d ie s  an d  d iscu sses  th e  
im p lic a tio n s  o f  a p e rig lac ia l e n v iro n m e n t in  th e  geo lo g ica lly  re c e n t p ast. T h e  c h a p te r  
co n c lu d es  b y  o u tlin in g  a v a r ie ty  o f  fu tu re  p ro jec ts  w h ic h  cou ld  b u ild  o n  th e  f in d in g s  o f  
th is  in v e s tig a tio n .
ii.i M ethodological Issues
T h e  fo llo w in g  sec tio n s  ad d re ss  sev e ra l l im ita t io n s  w h ic h  sh o u ld  be co n sid e red  w h e n  
in te rp re t in g  th e  re su lts  o f  th e  in v e s tig a tio n . T h e se  m e th o d o lo g ic a l is su e s  a re  p r im a r ily  
re la te d  to  th e  re m o te  sen s in g  su rv e y s  a n d  asso c ia ted  a n a ly s is . Issu es  re la te d  to  th e  
la b o ra to ry  a n d  f ie ld  s tu d ie s  are  a d d re sse d  in  th e ir  re sp e c tiv e  ch ap te rs .
i i .i . i  Image resolution and coverage
T h e  m a in  l im ita t io n s  o f  th is  in v e s tig a tio n  re su lt f ro m  th e  g e n e ra lly  lo w  re so lu tio n  o f  
s a te llite  im a g e s  f ro m  M a rs  c o m p o u n d e d  b y  th e  g en e ra lly  sm a ll scale  o f  c h a ra c te r is tic  
p e r ig la c ia l fe a tu re s . A s  i l lu s tra te d  in  C h a p te r  F ou r, so rted  p a tte rn e d  g ro u n d  is h a rd  to  
c h a ra c te r is e  in  sa te llite  o r a ir  p h o to g ra p h s . S in ce  o n ly  iso la ted  la rg e  c la sts  are  o b se rv ed  
it  is d if f ic u lt  to  te ll  w h e th e r  th e y  fo rm  th e  la rg e r p a r ts  o f  a c o h e re n t co arse  d o m a in , o r 
w h e th e r  th e y  a re  iso la ted  b lo ck s  w h ic h  h a p p e n  to  fo rm  a p a t te rn . M o rp h o lo g ic
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c h a ra c te r is a tio n  o f  la rg e r  scale fe a tu re s , su ch  as sca lloped  d e p re ss io n s  a n d  lo b a te  h ill-  
s lope  s tru c tu re s , a re  th u s  m o re  re liab le  th a n  th o se  fo r  sm a ll scale fe a tu re s .
H iR IS E  im ag es  a lso  co v e r a re la tiv e ly  sm a ll f ra c tio n  o f  th e  m a r t ia n  su rface , so a n y  
la n d fo rm s  w h ic h  d id  n o t  fa ll w i th in  sam p led  im ag es w o u ld  h a v e  b e e n  m issed . T h e  
su rv e y  w as th u s  n o t  a fu ll re p re s e n ta t io n  o f  th e  e n tire  su rface  a n d  so m e  “p e r ig la c ia l” 
site s  m a y  e x is t w h ic h  w e re  n o t  d isco v e red  d u r in g  th is  in v e s tig a tio n .
V e ry  sm a ll fea tu re s , su c h  as so rte d  p a tte rn s  a n d  lo b a te  s tru c tu re s , a re  o n ly  c le a rly  
v is ib le  a t o r  n e a r  a n  im a g e ’s n a tiv e  re so lu tio n . I t  w as  n o t  p o ss ib le  to  su rv e y  a n  im ag e  
so le ly  a t th e  n a tiv e  re s o lu tio n  w i th o u t  lo s in g  im p o r ta n t  c o n te x t  in fo rm a tio n . 
C o n se q u e n tly , i t  is p o ssib le  th a t  so m e  sm a ll scale fe a tu re s  m ig h t  h a v e  b e e n  m isse d . 
M o s t im ag es  w ere  o n ly  e x a m in e d  o n ce  in  th e ir  e n tir e ty  a t fu ll r e s o lu tio n . S ite s  o f  
in te re s t  w e re  re v is ite d , b u t  th e  m a jo r i ty  o f  th e  im ag e  w as n o t  e x a m in e d  m o re  th a n  
once .
D e sp ite  th e se  issues, i t  is b e liev ed  th a t  th e  su rv e y  m e th o d o lo g y  w as as c o m p re h e n s iv e  
as p o ss ib le , an d  th a t  m o s t o f  th e  fe a tu re s  w h ic h  cou ld  h av e  b e e n  fo u n d  w i th in  th e  
im ag es  w e re  reco rd ed . W h ile  th e se  l im ita t io n s  m u s t  be ack n o w le d g e d , th e y  h a v e  n o t  
d ra m a tic a lly  im p a c te d  th e  re su lts  o f  th e  s tu d y .
T h e  lo w  re so lu tio n  o f  re m o te  sen s in g  d a ta  w ill a lw a y s  be  a p ro b le m  fo r  a s tu d y  o f  th is  
ty p e , b u t  th e  re so lu tio n  o f  th e  H iR IS E  in s t ru m e n t  is u n p re c e d e n te d  in  th e  f ie ld  o f  M a rs  
re m o te  sen s in g . I t  p ro v id e s  a n  o p p o r tu n i ty  to  e x a m in e  th e  su rface  in  fa r  m o re  d e ta il 
th a n  w as  p re v io u s ly  possib le . M o re  d e ta ile d  e x a m in a tio n  o f  th e se  fe a tu re s  w ill  h a v e  to  
a w a it f u tu re  m iss io n s  w i th  e v e n  h ig h e r  r e s o lu tio n  cam eras ; fo r  th e  t im e  b e in g  th e  m o s t 
d e ta ile d  im ag es  av a ilab le  h av e  b e e n  u sed . A t  th e  t im e  o f  w r i t in g , th e  H iR IS E  
in s tru m e n t  is s till a c tiv e , an d  so th e  n u m b e r  o f  im ag es  w h e re  th e se  sm a ll sca le  fe a tu re s  
c a n  p o te n tia l ly  be d e tec ted  is in c re a s in g  a ll th e  tim e .
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ii.i.2 Sampling
E x a m in in g  all ava ilab le  H iR IS E  im ag es  w i th in  th e  s tu d y  areas w as b e y o n d  th e  scope o f  
th is  in v e s tig a tio n  as it w o u ld  h av e  ta k e n  fa r  lo n g e r  th a n  th e  t im e  av a ilab le . T h e  su rv e y  
fo cu sed  o n  a re la tiv e ly  sm a ll f ra c tio n  o f  th e  ava ilab le  im ag es. C o n se q u e n tly , it is 
p o ss ib le  th a t  b iases in  sa m p lin g  co u ld  in f lu e n c e  th e  re su lts  o f  th e  s tu d y .
R a th e r  th a n  ta k in g  a ra n d o m  sam p le , it w as dec ided  to  fo cu s o n  th o se  im ag es w h ic h  
c o n ta in e d  m e d iu m -s iz e d  im p a c t c ra te rs . T h is  sam p le  w as se lec ted  b ased  o n  th e  f in d in g s  
o f  G a lla g h e r  e t al., (2011). T h a t  s tu d y  su g g ested  th a t  c ra te r  w a lls  w e re  a n  e n v iro n m e n t 
w h e re  th e  fo rm a tio n  o f  v isu a lly  d is tin c tiv e  s tr ip e s  a n d  lo b a te  fo rm s  w e re  lik e ly  to  
occu r. T h e se  la n d fo rm s  d ev e lo p  th ro u g h  h ill  slope  p rocesses; c ra te r  w a lls  b e in g  one  o f  
th e  few  so u rces  o f  s teep  te r ra in  in  th e  o th e rw ise  lo w -re lie f  n o r th e rn  p la in s .
A  la rg e  n u m b e r  o f  p u ta tiv e  p e rig lac ia l fe a tu re s  w e re  fo u n d  w ith in  c ra te r  e n v iro n m e n ts , 
b u t  th e y  w ere  b y  n o  m e a n s  lim ite d  to  th e m . M a n y  possib le  so rted  p o ly g o n s  w ere  fo u n d  
o n  th e  su rro u n d in g  p la in s , r a th e r  th a n  in  th e  c ra te r  in te r io rs , an d  so i t  is p o ssib le  th a t  
m a n y  m o re  s ite s  w ill be p re se n t in  im ag es  w h ic h  w ere  n o t  sam p led .
T h is  w as  c o n f irm e d  w h e n  a d d itio n a l H iR IS E  im ag es a ro u n d  L o m o n o so v  C ra te r  w ere  
su rv e y e d  as p a r t  o f  th e  c o n te x t s tu d y . I t  w as fo u n d  th a t  c la s tic  n e tw o rk s  w ere  as 
c o m m o n  o n  th e  p la in s  as in  th e  c ra te r  in te r io r  a t th is  s ite , so th e  sam e  w ill p ro b ab ly  
h o ld  t ru e  in  o th e r  reg io n s .
S u rv e y in g  e v e ry  av a ilab le  im ag e  acro ss  a ll th re e  s tu d y  a reas  w o u ld  h a v e  b een
im p ra c tic a l, s ince  th o u sa n d s  o f  im ag es  are  av a ilab le . T h e  sa m p lin g  p ro ced u re  w as
a p p ro p r ia te  to  th e  su b jec t o f  th e  s tu d y , su rv e y in g  fo r  c las tic  n e tw o rk s  an d  lo b a te
s tru c tu re s , b u t  it  is a ck n o w le d g e d  th a t  m a n y  s ite s  m a y  be p re se n t w h ic h  w ere  n o t
d e te c te d  d u e  to  th e  fo cu s o n  c ra te r  in te r io rs . F u tu re  s tu d ie s  o f  th is  so r t co u ld  e x a m in e
all available images, but across a sm aller study area.
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i i . i.3 T he la c k  of ground tru th
G ro u n d  t r u th  o b se rv a tio n s  a re  l im ite d  to  a h a n d fu l o f  s ite s  o n  M a rs . M o rp h o lo g ic a l 
s im ila r it ie s  p ro v id e  a co m p e llin g  case th a t  so m e o f  th e se  fe a tu re s  m ig h t be  p e rig lac ia l, 
b u t  w ith o u t  d ire c t o b se rv a tio n  o f  th e ir  fo rm a tio n  e n v iro n m e n ts  i t  is h a rd e r  to  
d e te rm in e  th e ir  p ro cesses  o f  fo rm a tio n . I t  is h o w e v e r  p o ss ib le  to  in fe r  in fo rm a tio n  
f ro m  th e  few  site s  v is ite d  b y  la n d e rs  a n d  ro v e rs , w i th  th e  a s s u m p tio n  th a t  o b se rv a tio n s  
a t o n e  site  are  re p re se n ta tiv e  o f  th e  c o n d itio n s  e lsew h ere .
O n e  o f  th e  m o s t r e le v a n t la n d e r  o b se rv a tio n s  to  th is  d isc u ss io n  is th e  o b se rv a tio n  o f  
c o n tra c tio n  c rack  p o ly g o n s  a t th e  P h o e n ix  la n d in g  site . T h e  la n d e r  c o n f irm e d  th e  
p resen ce  o f  excess g ro u n d  ice in  p ro x im ity  to  th e se  fe a tu re s  b y  d ig g in g  tre n c h e s  
(M e llo n  e t al., 2009). T h is  e le m e n t o f  g ro u n d  t r u th  su p p o rts  th e  o b se rv a tio n s  o f  n e a r  
su rface  W E H  d iscu ssed  th ro u g h o u t e a rlie r  c h a p te rs . I t  th u s  p ro v id e s  s tro n g  e v id e n c e  
th a t  c o n tra c tio n  c rack s fo rm  th ro u g h  ice re la te d  p ro cesses , b o th  a t th e  P h o e n ix  la n d in g  
site  an d  e lsew h ere  o n  th e  n o r th e rn  p la in s .
S im ila r  o b se rv a tio n s  w o u ld  be u se fu l fo r  a reas  o f  p o ss ib le  so rte d  p a tte rn e d  g ro u n d , as 
d ire c t o b se rv a tio n  o f  g ro u n d  ice a t th e se  s ite s  cou ld  d e f in i t iv e ly  sh o w  th a t  th e y  a re  
lik e ly  to  be ice re la ted . U n fo r tu n a te ly ,  th e  h ig h  n o r th e rn  la ti tu d e s  are  n o t  fa v o u ra b le  
fo r  m o s t la n d e rs  o r ro v e rs  re ly in g  o n  so la r  p o w er, w h ic h  is re d u c e d  a t  h ig h  la ti tu d e s . 
P la n e ta ry  p ro te c tio n  p ro to co ls  m ig h t a lso  ru le  o u t  th e  d e liv e ry  o f  la n d e rs  to  s ite s  o f  
p o te n tia l  a s tro b io lo g ic a l in te re s t, w h ic h  w o u ld  in c lu d e  p u ta tiv e  p e rig la c ia l 
e n v iro n m e n ts . N o n e th e le ss , th e  p ro x im ity  o f  so m e  c la s tic  fe a tu re s  to  c o n tra c t io n  
crack s p ro v id e s  a n o th e r  p iece  o f  c o n s ilie n t ev id en ce  fo r  a n  ic e -re la te d  fo rm a tio n  
m e c h a n ism .
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ii.i.4 Subjectivity of Classifications
T h e  c la ss if ic a tio n  o f  la n d fo rm s  is in e scap ab ly  su b jec tive . P o ssib le  la n d fo rm s  w ere  
c o m p a re d  to  ty p e -e x a m p le s  f ro m  th e  te r re s tr ia l  l i te ra tu re  a n d  to  fe a tu re s  p ro p o sed  as 
p e rig lac ia l an a lo g u es  b y  ea rlie r  su rv ey s , in  p a r tic u la r  S e jo u rn e  e t al., (2011) fo r  sca lloped  
d e p re ss io n s , J o h n s s o n  e t al., (2012) fo r  lo b a te  s tru c tu re s  an d  G a lla g h e r  an d  B alm e (2011) 
fo r  so rted  p a tte rn e d  g ro u n d .
A ll fe a tu re s  w e re  ra n k e d  u s in g  a fiv e  p o in t scale  w h ic h  cou ld  be co m p ared  to  a v a r ie ty  
o f  p o ssib le  c o n tro llin g  p a ra m e te rs . H o w e v e r , s ince  each  ty p e  o f  la n d fo rm  w as  b e in g  
assessed  b ased  o n  a d if fe re n t se t o f  m o rp h o lo g ic a l c r ite r ia , th e se  g rades are  o n ly  
co m p arab le  w i th in  a g iv en  la n d fo rm  class. T h e  c la ss if ic a tio n  o f  d if fe re n t la n d fo rm  
ty p e s , su ch  as v a r ie tie s  o f  so rte d  p a tte rn e d  g ro u n d  in  C h a p te rs  F ive, S ev en  a n d  N in e , 
a n d  sca llo p ed  d e p re ss io n  ty p e s  in  C h a p te r  T e n , a re  m o re  re liab le , s ince  fe a tu re  ty p e  is 
e a s ie r  to  c la ss ify  th a n  th e  lik e lih o o d  th a t  a n  e x a m p le  is p erig lac ia l. B u t becau se  n o  
q u a n ti ta t iv e  m e tr ic  w as  u sed  to  assess  fe a tu re  ty p e , th e se  c la ss if ic a tio n s  re m a in  
su b jec tiv e .
A c tio n  w as  ta k e n  to  l im it  th e  e ffec t th a t  su b je c tiv ity  o f  c la ss if ic a tio n  w o u ld  h a v e  o n  th e  
re su lts  o f  th e  s tu d y . R a n d o m ly  se lec ted  s ite s  w ere  reassessed  to  e n su re  th a t  th e  g rad in g  
o f  fe a tu re s  re m a in e d  c o n s is te n t b e tw e e n  th e  ea rlie r  a n d  la te r  s tag es  o f  th e  in v e s tig a tio n  
a n d  e v e ry  e x a m p le  w as  e x a m in e d  m u ltip le  tim e s . N e w  e x am p les  w e re  m a rk e d  d u rin g  
th e  in it ia l  su rv e y , a n d  g iv e n  a p ro v is io n a l c la ss if ic a tio n . E ach  site  w as th e n  re v is ite d  a t 
le a s t o n ce , d u r in g  w h ic h  a m o re  d e ta ile d  c la ss if ic a tio n  w as  co n d u c te d . S ev era l s ites  
w i th  e sp ec ia lly  in te re s t in g  fe a tu re s  w e re  e x a m in e d  m u ltip le  tim e s  o v e r th e  co u rse  o f  
th e  p ro jec t. U s in g  th is  ap p ro ach , th is  sy s te m  o f  g rad in g  a n d  c la ss if ic a tio n  w as m ad e  as 
re liab le  as p o ssib le .
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n.i-5 Low data volumes
In  m a n y  cases, sm a ll n u m b e rs  o f  d a ta  h a v e  b e e n  u sed  d u r in g  th is  in v e s tig a tio n . M a n y  
o f  th e  fe a tu re s  e x a m in e d  w e re  d ra w n  f ro m  a re la tiv e ly  sm a ll p o o l o f  ex a m p le s . 
In s ta n c e s  w h e re  lo w  d a ta  v o lu m e s  m a y  in f lu e n c e  th e  re su lts  o f  th e  in v e s t ig a tio n  h a v e  
b e e n  n o te d  th ro u g h o u t th e  th e s is .
F o r ex am p le , lo b a te  s tru c tu re s  are  fo u n d  to  be v e ry  u n c o m m o n  d e sp ite  b e in g  q u ite  
w id e ly  d is tr ib u te d  ac ro ss  th e  s tu d y  a reas. T h e  lack  o f  e x a m p le s  l im its  th e  a n a ly s is  th a t  
c an  be  d o n e  w ith  th e se  fe a tu re s , a n d  th u s  th e i r  u se fu ln e ss  in  a sse ss in g  th e  p e rig lac ia l 
h y p o th e s is  fo r  th e i r  fo rm a tio n . M o s t o f  th e  good  e x a m p le s  fo u n d  w i th in  th e  
in v e s tig a tio n  a re  la rg e ly  m o rp h o lo g ic a lly  u n iq u e . O n ly  o n e  e x a m p le  o f  lobes w as  fo u n d  
to  h av e  a c la s tic  m o rp h o lo g y , a n d  o n ly  o n e  is in  p ro x im ity  to  p o ss ib le  so r te d  s tr ip e s . 
D u e  to  th e  lo w  d a ta  v o lu m e , it  is im p o ss ib le  to  d e te rm in e  w h e th e r  th e se  a ssem b lag es  
are  less c o m m o n  th a n  re g u la r  lo b a te  s tru c tu re s , o r w h e th e r  i t  is a b ia s  in  th e  sa m p lin g .
W h ile  fa r  m o re  e x a m p le s  o f  so rted  p a tte rn e d  g ro u n d  w ere  fo u n d , th e re  a re  s till  issu es 
o f  d a ta  v o lu m e . T h e  m a jo r ity  o f  th e  a n a ly s is  c o n d u c te d  o n  so r te d  fe a tu re s  d u r in g  th e  
co u rse  o f  th is  in v e s tig a tio n  h as  fo cu sed  o n  th e  re g io n  a ro u n d  L o m o n o so v  c ra te r . T h is  is 
th e  o n ly  a rea  w ith  a la rg e  e n o u g h  p o p u la tio n  o f  so rte d  fe a tu re s  fo r  m u lt ip le  a d ja c e n t 
s ite s  to  be  e x a m in e d . M o s t o th e r  p o ss ib le  so r tin g  s ite s  a re  iso la te d  o cc u rre n ce s . I t  w o u ld  
be u se fu l to  co m p are  a n d  c o n tra s t  th e  fe a tu re s  in  a n d  a ro u n d  L o m o n o so v  C ra te r  w i th  a 
s im ila r  area  e lsew h ere  o n  th e  p la n e t to  d e te rm in e  w h e th e r  th e  sam e  p a t te rn s  h o ld  tru e  
a t b o th  sites. H o w e v e r , n o  o th e r  area  p ro d u c e d  th e  sam e  w e a lth  o f  e x a m p le s .
ii.2 Synthesis o f  results
In  th e  p reced in g  c h a p te rs  a v a r ie ty  o f  ap p ro a c h e s  h a s  b e e n  ap p lied  to  te s t in g  th e  
h y p o th e s is  th a t  p e rig lac ia l la n d fo rm s  co u ld  be p re se n t o n  th e  N o r th e r n  P la in s  o f  M a rs .
T h e  m a jo r i ty  o f  th e  p ro jec t co n s is te d  o f  a re m o te  sen s in g  s tu d y . S ev era l su rv e y s  o f  
H iR IS E  a n d  C T X  im ag es w ere  c a rr ie d  o u t to  d e te rm in e  th e  d is tr ib u tio n  o f  p u ta tiv e  
p e rig lac ia l la n d fo rm s  (C h a p te rs  S ix , S ev en  an d  E ig h t) , an d  to  assess th e  e x te n t  to  
w h ic h  th e ir  m o rp h o lo g y  m a tc h e s  th a t  o f  th e ir  te r re s tr ia l  an a lo g u es  (C h a p te r s  Five, 
N in e  a n d  T e n ) .  T o  su p p o rt th is  re m o te  sen s in g  in v e s tig a tio n , a fie ld  c a m p a ig n  w as 
c a rr ie d  o u t  to  e x a m in e  te r re s tr ia l  p a t te rn e d  g ro u n d , b o th  in  s itu  an d  fro m  a ir 
p h o to g ra p h s  (C h a p te r  F o u r). A  series o f  la b o ra to ry  e x p e r im e n ts  w e re  a lso  co n d u c te d  to  
e x a m in e  w h e th e r  p e rig lac ia l p ro cesses  are  v iab le  u n d e r  m a r t ia n  c o n d itio n s  (C h a p te r  
T h re e ) .
T h e se  in v e s tig a tio n s  a llo w ed  sev era l k e y  re se a rc h  q u e s tio n s  to  be ex a m in e d .
•  W h a t  is th e  d is tr ib u tio n  o f  p u ta tiv e  p e rig lac ia l la n d fo rm s  o n  th e  N o r th e rn  
P la in s  o f  M ars?
•  H o w  fre q u e n tly  do  su ch  fe a tu re s  fo rm  assem b lag es  w i th  s im ila r itie s  to  
p e rig lac ia l lan d scap es?
•  T o  w h a t e x te n t  does th e  m o rp h o lo g y  a n d  s itu a tio n  o f  th e se  la n d fo rm s  su p p o rt a 
p e rig lac ia l h y p o th e s is?
•  A re  th e  freeze  th a w  p ro cesses  th a t  re s u lt  in  p e rig lac ia l la n d fo rm s  o n  E a rth  
v ia b le  u n d e r  m a r t ia n  te m p e ra tu re  an d  p re ssu re  co n d itio n s?
W h ile  n o t  a ll o f  th e se  q u e s tio n s  h a v e  b e e n  c o n c lu s iv e ly  a n sw e re d , th is  p ro je c t h as  
a d d ed  a w e a lth  o f  n e w  ev id en ce  to  th e  o n g o in g  d eb a te  o v e r m a r t ia n  pe rig lac ia l 
lan d sc a p e s . T h e  fo llo w in g  sec tio n s  w ill d iscu ss  th e  re su lts  in  th e  c o n te x t o f  th e se  
re se a rc h  q u e s tio n s , d ra w in g  e v id en ce  f ro m  th ro u g h o u t th e  in v e s tig a tio n .
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i i . 2 . i  Periglacial Landforms?
In  th e  p re c e d in g  c h a p te rs  a v a r ie ty  o f  d is tin c tiv e  la n d fo rm s  h a v e  b een  e x a m in e d  th a t  
m ig h t be an a lo g o u s  w ith  te r re s tr ia l  p e rig lac ia l s tru c tu re s . C h a p te r  T w o  p ro v id e s  a 
d e ta ile d  o v e rv ie w  o f  th e  fe a tu re s  w h ic h  are  c h a ra c te r is tic  o f  a te r re s tr ia l  p e rig lac ia l 
e n v iro n m e n t.
T h e  m a in  a im  o f  th is  re se a rc h  w as to  e x p a n d  th e  ca ta lo g u e  o f  p u ta t iv e  p e rig lac ia l s ite s  
b e y o n d  th e  a reas  e x a m in e d  b y  p re v io u s  in v e s tig a tio n s . T h is  o b jec tiv e  w as  la rg e ly  
su ccessfu l. C h a p te r  S ev en  il lu s tra te s  n u m e ro u s  e x a m p le s  o f  p o ss ib le  p e rig lac ia l 
fe a tu re s , m a n y  o f  w h ic h  do n o t  a p p e a r to  h a v e  b een  d e te c te d  b y  p re v io u s  
in v e s tig a tio n s .
T h e  la n d fo rm s  o f  in te re s t  fa ll in to  tw o  m a in  ca teg o ries . T h e  f ir s t  a re  th e  ‘d ia g n o s tic ’ 
la n d fo rm s ; lo b a te  h ill  slope  fe a tu re s  a n d  c las tic  p a tte rn e d  g ro u n d . T h e se  fe a tu re s  a re  a ll 
m o rp h o lo g ic a lly  s im ila r  to  fe a tu re s  w h ic h , o n  E a rth , w o u ld  fo rm  th ro u g h  th e  fre e z in g  
a n d  th a w in g  o f  l iq u id  w a te r . S ca llo p ed  d e p re ss io n s  are  a lso  d ia g n o s tic  o f  c ry o tic  
p ro cesses , a lth o u g h  th e y  do  n o t  n e c e ssa r ily  re q u ire  th a w in g  s in ce  th e y  co u ld  h av e  
fo rm e d  th ro u g h  th e  su b lim a tio n  o f  ex p o sed  g ro u n d  ice.
T h e  seco n d  c lass are  th e  a u x ilia ry  la n d fo rm s : g u llie s  an d  f ra c tu re  p o ly g o n s . T h e s e  
fe a tu re s  a re  a n a lo g o u s  to  la n d fo rm s  w h ic h  f re q u e n tly  o ccu r in  c lose  p ro x im ity  to  
p e rig lac ia l lan d scap es  o n  E a rth , b u t  th e y  a re  n o t  sp ec ifica lly  fo rm e d  th ro u g h  a c tiv e  
la y e r  p ro cesses . T h e  d is tr ib u tio n  o f  th e se  fe a tu re s  is s till  s ig n if ic a n t as it  c a n  be 
c o m p a re d  to  th a t  o f  th e  d ia g n o s tic  la n d fo rm s  to  te s t  w h e th e r  th e  sam e 
g e o m o rp h o lo g ic a l re la tio n sh ip s  th a t  h o ld  tru e  o n  E a r th  are  re p e a te d  in  th e  m a r t ia n  
lan d scap e . T h e se  fe a tu re s  can  also  be  u sed  to  te s t  sev e ra l o f  th e  h y p o th e s e s  s u r ro u n d in g  
th e  fo rm a tio n  m e c h a n ism  fo r  th e  m o re  d ia g n o s tic  la n d fo rm s .
367
i i . 2.2 T he distribution of putative periglacial landforms
N u m e ro u s  p u ta tiv e  p e rig lac ia l la n d fo rm s  are  fo u n d  across th e  N o r th e rn  P la in s . S om e, 
su ch  as sca llo p ed  d e p re ss io n s  an d  g u llie s  are  c o m m o n  w h ile  o th e rs  su ch  as so rted  
p a tte rn e d  g ro u n d  are  re la tiv e ly  ra re . L obate  h ill  slope  fe a tu re s  w e re  fo u n d  to  be 
p a r tic u la r ly  u n c o m m o n , y e t e x a m p le s  o f  th e se  la n d fo rm s  w ere  s till o b se rv ed  in  
m u ltip le  H iR IS E  im ag es. S o m e ex a m p le s  o f  a ll o f  th e se  la n d fo rm s  w ere  m o re  
c o n v in c in g  th a n  o th e rs , b u t  m u ltip le  e x am p le s  o f  each  fe a tu re  ty p e  w ere  fo u n d  to  h av e  
a c o n v in c in g ly  p e rig lac ia l m o rp h o lo g y .
T h e  re su lts  p re se n te d  in  C h a p te r  S e v e n  c lea rly  il lu s tra te  th a t,  w h ile  n o t  co m m o n , th e se  
fe a tu re s  are  fo u n d  across th e  n o r th e rn  p la in s  o f  M ars , o c c u rrin g  in  all th re e  s tu d y  areas 
a n d  o v e r a w id e  ran g e  o f  la titu d e s . T h e re  are  d iffe re n c es  in  d e n s ity  a n d  d is tr ib u tio n  o f  
fe a tu re s  b e tw e e n  A c id a lia , U to p ia  a n d  A rc a d ia  P la n itia e , b u t  th e se  a re  n o t  as d ra m a tic  
as m ig h t be ex p ec ted  c o n s id e r in g  th e  scale o f  th e se  s tu d y  a reas, an d  th e  e x te n t  to  w h ic h  
th e y  are  sp read  acro ss  th e  n o r th e rn  h e m isp h e re . T h e  b ro ad  tre n d s  th a t  o ccu r are  
c o n se q u e n tly  believ ed  to  be g lobal, an d  g o v e rn e d  b y  g lobal p rocesses.
G u llie s  a n d  sca lloped  d e p re ss io n s  a re  p r im a r i ly  fo u n d  a t m id  la titu d e s , a t th e  so u th e rn  
edge o f  th e  s tu d y  a rea . B o th  la n d fo rm s  o ccu r o v er a s im ila r  la t i tu d e  ran g e , a lth o u g h  
th e re  is co n s id e rab le  v a r ia tio n  f ro m  o n e  s tu d y  area  to  th e  n e x t. T h is  f its  w ith  th e  
o b se rv a tio n s  o f  th e se  fe a tu re s  b y  p re v io u s  in v e s tig a tio n s  su ch  as th o se  o f  M o rg e n s te rn  
e t al., (2007) a n d  S o are  e t al., (2012).
C la s tic  p a tte rn e d  g ro u n d  a n d  lo b a te  h ill  slope  fe a tu re s  w ere  fo u n d  to  be m u c h  m o re  
c o m m o n  a t h ig h  n o r th e rn  la titu d e s . T h is  f its  w i th  th e  o b se rv a tio n s  o f  th e se  fe a tu re s  b y  
p re v io u s  s tu d ie s  su c h  as G a lla g h e r  a n d  B alm e, (2010); J o h n s s o n  e t al., (2012). H o w e v e r, 
e x a m p le s  o f  th e se  fe a tu re s  w e re  fo u n d  fu r th e r  so u th  th a n  ex p ec ted , a n d  b e y o n d  th e  
l im its  o f  th e  a reas su rv e y e d  b y  p re v io u s  in v e s tig a tio n s .
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S o m e la n d fo rm s  a re  m o re  c o m m o n  in  o n e  p a r t ic u la r  reg io n . T h e  m o s t c le a rly  e x p re ssed  
an d  m o s t n u m e ro u s  ex a m p le s  o f  so rte d  p a tte rn e d  g ro u n d  are  fo u n d  in  th e  n o r th  east o f  
A c id a lia  P la n itia , w h ile  th e  b e s t e x am p le s  o f  sca lloped  d e p re ss io n s  a re  fo u n d  in  U to p ia  
P la n itia , w h e re  th e y  w ere  f ir s t  o b se rv ed . S u ch  fe a tu re s  are  fo u n d  o v e r  s im ila r  
la t i tu d in a l  ra n g e s  in  th e  o th e r  s tu d y  a reas, b u t  th e y  a re  less c o n c e n tra te d , a n d  fe w e r 
re lia b ly  id e n tif ie d  e x a m p le s  are  fo u n d .
I t  is in te re s tin g  to  n o te  th a t  e x a m p le s  o f  b o th  lo b a te  s tru c tu re s  a n d  c la s tic  p a tte rn e d  
g ro u n d  are  fo u n d  fu r th e r  so u th  th a n  ex p ec ted . M o s t p r io r  s tu d ie s  in to  th e  d is tr ib u tio n  
o f  th e se  fe a tu re s  h a d  fo cu sed  o n  th e  e x tre m e  h ig h  la titu d e s . H o w e v e r , it  h a s  b een  
d e m o n s tra te d  in  C h a p te r  S ev en  th a t ,  w h ile  m a n y  o f  th e se  la n d fo rm s  a re  m o s t 
n u m e ro u s  in  th e  n o r th e rn  p a r t  o f  th e  s tu d y  a rea  th e y  a re  n o t  e x c lu s iv e  to  h ig h  la titu d e s .
B o th  lo b a te  s tru c tu re s  an d  c lastic  p o ly g o n s  a re  fo u n d  as fa r  so u th  as 36°N . J o h n s s o n  e t 
al., (2012) re p o r ts  lobes b e tw e e n  6 o °N  an d  8o°N . G a lla g h e r  a n d  B a lm e  (2010) an d  
G a lla g h e r  e t al., (2011) re p o r t  c las tic  lobes b e tw e e n  59°N  an d  7 i°N . C la s tic  p o ly g o n s  are  
fo u n d  b e y o n d  th e  so u th e rn  l im its  o f  th e  s tu d ie s  o f  G a lla g h e r  a n d  B a lm e  (2010) an d  
L evy  e t al., (2008). T h e  p o ss ib ility  o f  th e se  la n d fo rm s  o c c u rr in g  a t m o re  s o u th e r ly  
la ti tu d e s  is in te re s tin g  as it  su g g ests  th a t  th e y  m ig h t h av e  fo rm e d  in  p a s t p e r io d s  w h e n  
m o re  g ro u n d  ice w as p re s e n t a t m id  la titu d e s . T h e  o b se rv a tio n  o f  c le a r  so r te d  c irc le s  a t 
e q u a to r ia l  la ti tu d e s  b y  (B a lm e  e t al., 2009) w o u ld  ap p e a r to  s u p p o r t  th is  c o n c lu s io n . 
T h e s e  fea tu re s , w h ic h  o ccu r a t 5°N , sh o w  a c lea r c irc u la r  p a t te rn  a n d  a re  e x h ib it  d e n se r  
a n d  m o re  c o n tin u o u s  coarse  d o m a in s  th a n  m o s t o f  th e  s tru c tu re s  o b se rv e d  d u r in g  th e  
c u r re n t  in v e s tig a tio n . H o w e v e r  it is im p o r ta n t  to  n o te  th a t  th e se  fe a tu re s  h a v e  c le a rly  
fo rm e d  as an  o u t o f  e q u ilib r iu m  e v e n t th a t  fo rm e d  as a re s u lt  o f  th e  p re se n c e  o f  ice 
f ro m  c a ta s tro p h ic  flo o d  e v e n ts  a n d  th a w in g  d u r in g  a n  u n u s u a lly  w a rm  p e rio d .
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E x a m p le s  o f  lo b a te  h ill-s lo p e  fe a tu re s  w ere  scarce, w i th  v e ry  few  ex am p les  sca tte red  
w id e ly  ac ro ss  th e  th re e  s tu d y  areas. H o w e v e r , th e y  a re  c lea rly  c o m m o n  e n o u g h  to  hav e  
b e e n  sam p led  w ith in  th e  re la tiv e ly  sm all a rea l p ro p o r tio n  o f  th e  N o r th e rn  P la in s  th a t  
w a s  su rv e y e d . T h e re  w ere  to o  few  o f  th e se  fe a tu re s  to  p e rfo rm  a n y  co m p lex  a n a ly s is  o n  
v a r ia t io n s  in  th e i r  m o rp h o lo g y . A  m u c h  la rg e r su rv e y  w o u ld  be re q u ire d  to  f in d  m o re  
ex a m p le s .
11.Z.3 Periglacial Assemblages
A  v a r ie ty  o f  s ite s  w ith  p o ssib le  p e rig lac ia l a ssem b lag es  are  fo u n d  across th e  n o r th e rn  
p la in s  as sh o w n  in  F ig u re  7.30. F o r ty -fo u r  H iR IS E  im ag es c o n ta in  m u ltip le  p u ta tiv e  
p e rig la c ia l la n d fo rm s . F o u r o f  th e se  s ite s  in c lu d e  lo b a te  s tru c tu re s , w h ile  23 s ite s  fe a tu re  
p o ss ib le  so rte d  fea tu re s . S o m e  o f  th e  m o s t c o m m o n  la n d fo rm s  to  o ccu r in  close 
p ro x im ity  are  sca lloped  d e p re ss io n s  a n d  g u llies . S in ce  b o th  a re  h y p o th e s is e d  to  fo rm  
th ro u g h  th e rm o k a rs t- l ik e  p rocesses, th is  co u ld  be a n  im p o r ta n t  c o rre la tio n . T w e n ty -  
tw o  s ite s  e x h ib itin g  b o th  g u llies a n d  sca llo p ed  d ep re ss io n s  w ere  fo u n d , a n d  th ese  
la n d fo rm s , b o th  in d iv id u a lly  a n d  to g e th e r , w e re  f re q u e n tly  fo u n d  in  a ssem b lag es  w ith  
so r te d  a n d  lo b a te  fea tu re s .
I n  a reas  w h e re  c la stic  p a tte rn e d  g ro u n d  is n u m e ro u s , it  is p o ssib le  fo r  m u ltip le  v a rie tie s  
to  o ccu r in  c lose  p ro x im ity . M o s t s ite s  w i th  so rted  s tr ip e s  a lso  h av e  e i th e r  p o ly g o n a l 
n e tw o rk s  o r  ru b b le  p iles  w i th in  th e  sam e H iR IS E  im age . H o w e v e r , u n lik e  th e  
te r re s tr ia l  e x am p les  d e sc rib ed  in  C h a p te r  F our, th e re  w ere  n o  s ite s  w h e re  so rted  
p o ly g o n s  a re  o b se rv ed  to  c lea rly  g rad e  in to  s trip e s . T h e  site  i l lu s tra te d  in  F ig u re  5.14 
c o n s is ts  o f  v e ry  c lea r s tr ip e s  w h ic h  g ro w  d isc o n tin u o u s  as th e y  t r a n s i t io n  fro m  th e  
s te e p e r  c ra te r  w a ll to  th e  sh a llo w e r slopes o f  th e  in te r io r , th e  f la t g ro u n d  in  th e  ce n tre  
o f  th e  c ra te r  is d o m in a te d  b y  so rted  la b y r in th s , s im ila r  to  th e  te r re s tr ia l  fe a tu re s  
d e sc rib e d  b y  K essle r a n d  W e rn e r ,  (2003). C le a r  so rted  p o ly g o n s  are  n o t  o b se rv ed  w ith in
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th e  c ra te r , o n ly  o n  th e  su rro u n d in g  p la in s  b u t  th e  la b y r in th in e  s tru c tu re s  lik e ly  fo rm e d  
th ro u g h  s im ila r  m e a n s .
D e sp ite  th e ir  sca rc ity , th e re  a re  sev era l lo c a tio n s  w h e re  lo b a te  h ill  s lope  fe a tu re s  are  
fo u n d  in  th e  sam e  im ag es  as o th e r  p u ta tiv e  p e rig lac ia l la n d fo rm s . O n e  im a g e  c o n ta in s  
b o th  lo b a te  s tru c tu re s  a n d  sca llo p ed  d e p re ss io n s . A n o th e r  site , i l lu s tra te d  in  F ig u re  7.29, 
fe a tu re s  lobes in  p ro x im ity  to  gu llies, a l th o u g h  n o t  w ith in  th e  g u lly  a lco v e  as a t  th e  
s ite s  re p o r te d  b y  J o h n s s o n  (2013) an d  G a lla g h e r  e t al., (2011). A n o th e r  im ag e  e x h ib its  
lobes in  p ro x im ity  to  b o th  sca lloped  d e p re ss io n s  a n d  g u llies. T h e  m o s t  in te re s t in g  
assem b lag e  is o n e  in  w h ic h  lo b a te  s tru c tu re s  a re  fo u n d  in  p ro x im ity  to  p o ss ib le  so rte d  
s tr ip e s , sh o w n  in  F ig u re  7.13. T h is  H iR IS E  im ag e  a lso  c o n ta in s  g u llie s  a n d  a p o ss ib le  
sca llo p ed  d e p re ss io n  w h e re  so m e d e g ra d a tio n  o f  th e  m a n tle  seem s to  be ta k in g  p lace. 
T h is  is th e  o n ly  s ite  w h e re  all fo u r  v a r ie tie s  o f  p u ta t iv e  p e rig lac ia l fe a tu re s  o ccu r.
T h e  fa c t th a t  som e a ssem b lag es  in  th e  m id  to  h ig h  la ti tu d e s  e x h ib it  a ll v a r ie tie s  o f  
p u ta tiv e  p e rig lac ia l la n d fo rm  co u ld  in d ic a te  th a t  th e se  la n d fo rm s  c an  a n d  do  fo rm  p a r t  
o f  a c o h e re n t lan d scap e . S o m e o f  th e se  la n d fo rm s  m a y  ev o lv e  u n d e r  d if f e re n t  
c o n d itio n s , b u t  it  is c lea r th a t  lan d sc a p e s  e x is t  in  w h ic h  th e  c o n d it io n s  fo r  th e  
d e v e lo p m e n t o f  m u ltip le  fe a tu re s  o ccu rred , i f  n o t  c o n c u rre n tly , th e n  a t le a s t o v e r  sh o r t 
e n o u g h  tim e  p e rio d s  th a t  th e ir  e x p re ss io n s  in  th e  la n d sc a p e  a re  c o n s is te n t  w i th  
te r re s tr ia l  an a lo g u es.
11.2.4 Relationship to ice-rich terrains
M a n y  p u ta tiv e  p e rig lac ia l la n d fo rm s  o ccu r a t h ig h  n o r th e rn  la ti tu d e s  w h e re  th e  m o s t  
w a te r  e q u iv a le n t h y d ro g e n  is fo u n d  in  th e  n e a r  su b su rfa c e  (B o y n to n  e t a l., 2010; 
F e ld m a n  e t al., 2002). P e rig lac ia l la n d fo rm s  w o u ld  be  e x p e c te d  to  o c c u r  in  th e  a rea  
w h e re  g ro u n d  ice is p le n tifu l, b u t  w h e re  i t  is a lso  cap ab le  o f  u n d e rg o in g  d e g ra d a tio n .
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A re a s  w i th  la n d fo rm s  in d ic a tiv e  o f  su b lim a tio n  in  th e  geo lo g ica lly  re c e n t p a s t a re  o f  
p a r t ic u la r  in te re s t.
T h e  la t i tu d in a l  d is tr ib u tio n  o f  sca lloped  d ep re ss io n s , w h ic h  ap p ea r to  c u t in to  th e  
la t i tu d e  d e p e n d a n t m a n tle , a re  th u s  a goo d  in d ic a to r  o f  th e  la ti tu d e  b an d  in  w h ic h  
p e rig la c ia l p ro cesses  w o u ld  be ex p ec ted . G u llie s  a n d  sca lloped  d ep re ss io n s  b o th  o ccu r 
o v e r  m u c h  th e  sam e la ti tu d e  ran g e  a n d  th is  su g g ests  th a t  th e y  m a y  re s u lt  f ro m  s im ila r  
p ro cesses . H o w e v e r , c lastic  p a tte rn e d  g ro u n d  an d  lo b a te  fe a tu re s  are  p re d o m in a n tly  
fo u n d  f u r th e r  n o r th . T h is  is th e  re g io n  w h e re  g ro u n d  ice is b e liev ed  to  be m o s t 
c o n tin u o u s  a n d  w h e re  w a te r  e q u iv a le n t h y d ro g e n  is a t its  h ig h e s t. T h e  so u th e r ly  
fe a tu re s  m a y  be re lic t la n d fo rm s  w h ic h  fo rm e d  a t a t im e  w h e n  g ro u n d  ice w as .m ore 
e x te n s iv e , o r th e y  cou ld  h a v e  fo rm e d  th ro u g h  m e c h a n ism s  w h ic h  are  u n re la te d  to  th e  
d e g ra d a tio n  o f  g ro u n d  ice b u t  w h ic h  n o n e th e le ss  p ro d u ced  s im ila r  fea tu re s .
11.2.5 Testing formation hypotheses
G u llie s  are  b e liev ed  to  fo rm  th ro u g h  th e  e ro s iv e  a c tio n  o f  liq u id  w a te r  g e n e ra te d  by  
th a w in g  o f  su b su rface  ice (C o n w a y  a n d  B alm e, 2014; C o s ta rd  e t al., 2002). 
C o n s e q u e n tly , th e  fac t th a t  th e y  o f te n  fo rm  in  assem b lag es  w i th  sca llo p ed  d ep re ss io n s  
le n d s  w e ig h t to  th e  h y p o th e s is  th a t  th e se  d e p re ss io n s  also  fo rm e d  th ro u g h  th a w -re la te d  
p ro cesses .
S ev e ra l h y p o th e se s  h a v e  b e e n  p u t  fo rw a rd  to  e x p la in  th e  fo rm a tio n  o f  c la s tic  p a tte rn e d  
g ro u n d  o n  M a rs . B o th  o f  th e  m a in  a lte rn a tiv e s  to  a p e rig lac ia l p a ra d ig m ; th e  b o u ld e r 
r a tc h e tin g  m e c h a n is m  o f  O r lo f f  e t al., (2011, 2013) an d  th e  g ra v ita tio n a l so r tin g  o f  L evy 
e t al., (2010, 2008) an d  M e llo n  e t al., (2008) re ly  o n  th e  p re sen ce  o f  a n  u n d e r ly in g  
f ra c tu re  n e tw o rk . H o w e v e r , in  C h a p te r  N in e  it  is sh o w n  th a t  th e  m a jo r ity  o f  c las tic  
p a t te rn s  do  n o t  h av e  a sso c ia te d  fra c tu re s  a n d  th a t  in  m a n y  o f  th e  cases w h e re  fra c tu re s  
a re  p re se n t th e  tw o  n e tw o rk s  do  n o t  ap p e a r to  be a lig n ed . T h is  su g g ests  th a t ,  in  th e
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areas  e x a m in e d , th e se  f ra c tu re  c o n tro l h y p o th e se s  do  n o t  e x p la in  th e  o b se rv ed  p a tte rn s . 
T h is  m ig h t su g g est th a t  a p e rig lac ia l o r ig in  is m o re  lik e ly  th a n  o n e  re la te d  to  f ra c tu re  
co n tro l, b u t  th e re  is in s u f f ic ie n t ev id en ce  to  u n re se rv e d ly  accep t th is  fo rm a tio n  
m e c h a n ism .
11.3 Comparison to previous studies.
A s d esc rib ed  in  d e ta il in  C h a p te r  T w o  th e  p re sen ce  o f  p u ta t iv e  p e rig la c ia l la n d fo rm s  o n  
M a rs  is w e ll d o c u m e n te d . E x te n s iv e  ca ta lo g u es  o f  g u lly  d is t r ib u t io n  w e re  a lre a d y  in  
e x is te n c e  w h e n  th is  p ro je c t b eg an  (e.g . B alm e e t al., 2006; K n e iss l e t al., 2010; L evy  e t al., 
2009) an d  f ra c tu re  p o ly g o n s  h av e  b een  s tu d ie d  acro ss  th e  m a r t ia n  h ig h  la ti tu d e s  (e.g . 
L evy  e t al., 2009; L evy  e t al., 2010; M an g o ld , 2005).
L obate  s tru c tu re s  h a v e  b een  e x a m in e d  b y  J o h n s s o n  (2013) a n d  J o h n s s o n  e t al., (2012) in  
b o th  th e  n o r th e rn  a n d  s o u th e rn  h e m isp h e re s . C la s tic  lobes w e re  a lso  o b se rv e d  b y  
G a lla g h e r  e t al., (2011), C la s tic  p a tte rn e d  g ro u n d  h a s  b e e n  o b se rv ed  b y  B a lm e  a n d  
G a lla g h e r  a t a n u m b e r  o f  s ite s  across th e  n o r th e rn  p la in s ; (B a lm e  e t al., 2009; G a lla g h e r  
a n d  B alm e, 2011; G a lla g h e r  e t al., 2011). A s w e ll as in  u n u s u a l  e q u a to r ia l  e n v iro n m e n ts  
(B a lm e  a n d  G a lla g h e r, 2009) T h e se  s tu d ie s  p ro m p te d  a n d  in fo rm e d  th e  c u r re n t  
in v e s tig a tio n .
S ca llo p ed  d e p re ss io n s  h a v e  p r im a r i ly  b e e n  s tu d ie d  in  th e  U to p ia  P la n it ia  re g io n  
(C o s ta rd  a n d  K argel, 1995; M o rg e n s te rn  e t al., 2007; S e jo u rn e  e t al., 2012, 2011; S o a re  e t 
al., 2007b, 2012). T h e ir  m o rp h o lo g y  h as  b e e n  c la ss ified  w i th  th e  a im  o f  d e te rm in in g  
th e ir  fo rm a tio n a l h is to ry  (S e jo u rn e  e t al., 2011). T o  w h a t e x te n t  do  th e  f in d in g s  o f  th is  
in v e s tig a tio n  c o n f irm  th e  re su lts  o f  p re v io u s  s tu d ie s  a n d  to  w h a t e x te n t  d o es  a d if fe re n t  
p a t te rn  em erg e?  H o w  do  th e  re su lts  o f  th e  a n a ly s is  f i t  in to  th e  c o n te x t  o f  c u r r e n t  M a rs  
p e rig lac ia l re sea rch ?
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T a b le  i i . i sh o w s th e  ra n g e  o f  la titu d e s  o v e r  w h ic h  each  o f  th e  fe a tu re s  e x a m in e d  in  th is  
p ro jec t w e re  fo u n d  an d  co m p are s  th is  to  th e  p u b lish e d  ra n g e s  o f  su ch  fe a tu re s  in  a 
v a r ie ty  o f  o th e r  s tu d ies . In  g en e ra l th e  la ti tu d in a l  d is tr ib u tio n s  o f  la n d fo rm s  fo u n d  in  
th is  su rv e y  su p p o rt th o se  re p o rte d  b y  o th e r  re se a rc h e rs  in  d if fe re n t re g io n s  o f  th e  
N o r th e r n  P la in s .
Table ii.i: Comparison of the latitudinal distributions o f various putative periglacial 
landforms to those found by previous studies on the subject.
Feature This Survey Example Published Studies
S o rte d  P a tte rn e d  G ro u n d 36-77 °N 59-78 °N G a lla g h e r  et al., 2011
60-70 °N O r lo f f  et al., 2011
L o b ate  S tru c tu re s 32-74 °N 60-80 °N Jo h n s s o n  et al., 2012
59-75 °N G a lla g h e r  et al., 2011
G u llie s 30-67 °N 30-70 °N L evy  et al., 2009
30-80 °N K n eiss l et al., 2010
S ca llo p ed  d ep re ss io n s 30-67 °N -45 °N M o rg e n s te rn  et al., 2007
40-55 °N S oare  et al., 2012
F ra c tu re  P o ly g o n s 30-77 °N 50-75 °N M a n g o ld  et al., 2005
35-75 °N L evy  et al., 2009
40-55 °N S oare  et al., 2012
H y p o th e s is e d  ice -r ich
47-65 °N C o s ta rd  et al., 1989te r ra in s
>60 °N F e ld m a n  et al., 2002
11.3.1 Scalloped Depressions
T h e  m a jo r ity  o f  sca lloped  d e p re ss io n s  in  th e se  s tu d y  a reas  are  fo u n d  to  o ccu r w i th in  th e  
ra n g e  3o°N  to  55°N. T h is  is co m p arab le  w ith  th e  sca lloped  d ep re ss io n s  m a p p e d  in  
U to p ia  P la n it ia  b y  th e  s tu d ie s  o f  S oare  e t al., (2007b, 2012) an d  S e jo u rn e  e t al., (2011) 
w h ic h  a re  lo ca ted  a ro u n d  45°N . M o rg e n s te rn  e t al., (2007) o b se rv ed  g re a te r  a m o u n ts  o f  
d e g ra d a tio n  a n d  sca llo p ed  d e p re ss io n  fo rm a tio n  a t lo w e r la ti tu d e s  an d  th is  is su p p o rte d  
b y  th e  f in d in g s  o f  th is  s tu d y . T h e  m a jo r ity  o f  sca lloped  d e p re ss io n s  in  A c id a lia  are
c o n c e n tra te d  w i th in  a s im ila r  lo w - to  m id - la ti tu d e  ran g e  w ith  fe w e r  e x a m p le s  a t h ig h e r  
la titu d e s .
O n e  a im  o f  th is  s tu d y  w as  to  c o m p a re  sca llo p ed  d ep re ss io n s  in  o th e r  re g io n s  o f  th e  
n o r th e rn  p la in s  w ith  th o se  s tu d ie d  e x te n s iv e ly  in  U to p ia  P la n itia . W h ile  fe w e r 
sca llo p ed  d e p re ss io n s  w ere  fo u n d  in  th e  A c id a lia  area  th a n  in  U to p ia , th e y  w e re  la rg e ly  
m o rp h o lo g ic a lly  s im ila r . T h e  la rg e  c o n c e n tra tio n s  o f  sca lloped  d e p re ss io n s  a ro u n d  
D a v ie s  a n d  L ag arto  C ra te rs  w e re  fo u n d  to  re p re se n t a ll o f  th e  ca te g o rie s  o f  sca lloped  
d e p re ss io n  d e v e lo p m e n t p ro p o sed  b y  S e jo u rn e  e t al., (2011), a lth o u g h  th e re  w e re  so m e 
m o rp h o lo g ic a l d iffe re n c es  w h ic h  m a y  su g g es t th a t  th e se  fe a tu re s  are  a n  o ld e r la n d sc a p e  
th a n  so m e o f  th e  fre sh e r  lo o k in g  sca lloped  d e p re ss io n s  in  U to p ia . T h e  sca llo p ed  
d e p re ss io n s  a t th e se  tw o  s ite s  h ad  a g e n e ra lly  m o re  d eg rad ed  a p p e a ra n ce  th a n  m a n y  o f  
th o se  o u tlin e d  in  S e jo u rn e ’s s tu d y . T h e  c la s s if ic a tio n  sch em e  o u tlin e d  in  S e jo u rn e  e t al., 
(2011) w as e x p a n d e d  w i th  re fe re n ce  to  th e  te r re s tr ia l  l i te ra tu re  (W a lla c e , 1948) to  ta k e  
in to  a c c o u n t la rg e  a reas  o f  d eg rad ed  g ro u n d  w h ic h  w ere  m o re  e x te n s iv e  th a n  th e  ty p e  
fiv e  fe a tu re s  il lu s tra te d  in  (S e jo u rn e  e t al., 2011).
H e a v ily  d eg rad ed  a reas  o f  th is  so r t h av e  b een  o b se rv ed  in  a ll th re e  s tu d y  a reas, 
in c lu d in g  in  th e  area  su rv e y e d  b y  S e jo u rn e  e t al., (2011), so i t  seem s lik e ly  th a t  s im ila r ly  
d eg rad ed  fe a tu re s  a re  p re s e n t  in  U to p ia , b u t  w e re  n o t  th e  fo cu s  o f  th a t  in v e s tig a tio n . 
S ca llo p ed  d e p re ss io n s  in  g en e ra l a re  m o re  c o m m o n  in  th a t  re g io n  th a n  in  A c id a lia  a n d  
A rc a d ia  P la n itia e  as a w h o le .
11.3.2 Gullies
G u llie s  a re  fo u n d  to  be c o n c e n tra te d  a t lo w e r  la titu d e s , p re -d o m in a n t ly  b e tw e e n  30-
5o°N . T h is  is in  b ro ad  a g re e m e n t w i th  th e  o b se rv a tio n s  o f  p re v io u s  s tu d ie s  to  m a p
th e se  la n d fo rm s , A  v a r ie ty  o f  s tu d ie s  o n  th e  d is t r ib u tio n  o f  g u llie s  in  th e  n o r th e r n
h e m isp h e re  h av e  fo u n d  th e m  to  o c c u r w i th in  th e  30°N  to  6 o °N  ra n g e  (B rid g e s  a n d
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L ack n er, 2006; H e ld m a n n  e t al., 2007; L evy e t al., 2009; S oare  e t al., 2007b). H e ld m a n n  
e t al., (2007) re p o r t g u llies as fa r  n o r th  as 70°N . G u llie s  p r im a r ily  o ccu r w i th in  th e  sam e 
ra n g e  o f  la ti tu d e s  as sca lloped  d ep re ss io n s , a f in d in g  in  a g re e m e n t w ith  th e  su rv e y s  o f  
K n e iss l e t al., (2010).
11.3.3 Fracture Networks
F ra c tu re  p o ly g o n s  w ere  fo u n d  to  be u b iq u ito u s  o v e r th e  area  su rv ey ed . T h is  su p p o rts  
th e  o b se rv a tio n s  o f  S oare  e t al., (2012), w h o  o b se rv ed  f ra c tu re s  to  be fo u n d  in  h ig h  
c o n c e n tra tio n s  b e tw e e n  40 an d  6 o °N  in  U to p ia  P la n itia . M a n g o ld  (2005) fo u n d  p o ly g o n  
m o rp h o lo g ie s  to  v a ry  f ro m  n o r th  to  so u th  u p  to  75°N  across th e  N o r th e rn  P la in s . T h e  
u p p e r  l im it  fo r  p o ly g o n  o ccu rren ce  in  th is  su rv e y  f i ts  w ith  th e se  o b se rv a tio n s , f ra c tu re  
p o ly g o n s  a re  fo u n d  to  be u b iq u ito u s  w i th in  th e  ra n g e  d esc rib ed  b y  M an g o ld . H o w e v e r  
f ra c tu re s  a re  a lso  fo u n d  f u r th e r  so u th , b e y o n d  th e  e x te n t  o f  M a n g o ld ’s su rv ey . F ra c tu re  
p o ly g o n s  w e re  fo u n d  to  be m o re  a b u n d a n t in  im ag es n o r th  o f  4 0°N , b u t  seem  to  be 
p re s e n t  ac ro ss  th e  e n tire  ran g e  o f  la ti tu d e s  su rv ey ed . T h is  f its  w ith  th e  d is tr ib u tio n  
o b se rv e d  b y  L evy e t al., (2009, 2009a, 2011).
11.3.4 Sorting and Lobes
S o rte d  p o ly g o n s , s tr ip e s  an d  so lif lu c tio n  lobes are  th e  fe a tu re s  m o s t c h a ra c te r is tic  o f  a 
p e r ig la c ia l e n v iro n m e n t, b u t  are  a lso  th e  leas t c o m m o n  la n d fo rm s . B o th  p a tte rn e d  
g ro u n d  an d  lo b a te  s tru c tu re s  are  fo u n d  to  o ccu r m u c h  fu r th e r  so u th  th a n  e s ta b lish e d  b y  
s tu d ie s  su c h  as G a lla g h e r  e t al., (2011) an d  J o h n s s o n  e t al., (2012 a n d  2013).
R u b b le  p ile s  a re  fo u n d  in  sev era l lo c a tio n s  a t lo w e r la titu d e s , h o w e v e r  th o se  ex am p le s  
a re  n o t  as d is t in c t  as th e  ru b b le  p ile s  a t h ig h e r  la titu d e s , a n d  are  h a rd e r  to  d is tin g u is h  
f ro m  th e  m o re  u b iq u ito u s  ra n d o m ly  d is tr ib u te d  c lasts . O r lo f f  e t al., (2011, 2013) fo u n d
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rubble piles to  on ly  occur n o rth  o f 65°N, a d is trib u tio n  w h ich  largely  fits  w ith  th a t 
found  in  th is  survey.
O rlo ff  e t al., (2011, 2013) also found  clasts to  accum ulate in  and  around  th e  tro u g h s o f 
th e rm a l co n trac tio n  polygons, fo rm ing  sorted  circles w ith o u t req u irin g  a freeze-th aw  
process. T h is  m ay  be the  case in  som e p arts  o f  th e  study  area, as several in stances o f 
sorted  polygons ex h ib it a ten d en cy  to  fo llow  th e  u n d erly in g  frac tu re  p a tte rn . H ow ever, 
analysis o f  th e  ex tensive  fields o f clastic p a tte rn s  around  L om onosov C ra te r  w ould  
seem  to  re fu te  th is  theory . T h e  m ajo rity  o f cases o f  boulder o rg an isa tio n  in  th is  reg ion  
are n o t frac tu re  contro lled . T h e  presence o f a clastic n e t in  th e  absence o f  a co n tro llin g  
frac tu re  p a tte rn  w ould  requ ire  a d iffe ren t m ech an ism  to  th a t p roposed by  Levy e t al., 
(2010, 2008), M ellon  e t al., (2008) and  O rlo ff  e t al., (2011, 2013), perhaps suggesting  th a t 
these featu res are m ore likely  to  be periglacial.
T h ere  w ere too few  exam ples o f  lobate featu res in  th e  area su rveyed  fo r th e ir  
m orpho logy  to  be m ean in g fu lly  characterised . H ow ever, com parisons b e tw een  th e  
re la tive ly  d is tin c t featu res observed in  th is  survey , and  those repo rted  elsew here  in  th e  
lite ra tu re  reveals som e in te re stin g  p a tte rn s. T h e  exam ple o f  clastic lobes sh o w n  in  
Figure 7.11 w as found  on  th e  w alls o f  a c ra te r a t 67°N  in  U to p ia  P lan itia . T h is  is a v ery  
sim ilar la titu d e  to  th a t  a t w h ich  th e  clastic lobate featu res described b y  G a llag h e r e t al.,
(2011) w ere observed. Jo h n sso n  et al., (2012) also repo rts  clastic lobate s tru c tu re s  at, and  
n o rth  of, th is  la titude . T h ese  features occur w ith in  th e  la titu d e  range w h ere  c ry o b rin es  
should  be stable on  w arm  h ill slopes and  w h ere  th e  m ajo rity  o f  clastic po lygons are 
found. A ll o f th e  anom alously  so u th erly  lobate s tru c tu res  lack a stone b anked  
m orphology.
T h e  site w ith  lobate featu res in  p ro x im ity  to  clastic s tripes occurs a t 45°N . T h ese  
featu res strong ly  resem ble m an y  o f th e  exam ples p resen ted  by  Jo h n sso n  e t al., (2012),
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a lth o u g h  th ey  are m uch  fu r th e r sou th  th an  th e  so u th ern  lim its  o f  b o th  Jo h n sso n  et al.,
(2012) and G allagher et al., (2 on)’s surveys. T h is  sort o f  assem blage is nonetheless 
s im ilar to  th a t w h ich  G allagher e t al., (2011) describe fu rth e r n o rth , ind icating  th a t 
s im ilar associa tions o f possib ly  periglacial land fo rm s are found  to  occur in  w idely  
separated  reg ions o f th e  n o rth e rn  plains. T h is  m ig h t ind icate  th a t  the  processes 
resu ltin g  in  these  assem blages are n o t lim ited  to  any  one p art o f  th e  p lanet.
11.4 V ia b i l i t y  o f  p e r ig la c ia l p r o c e s se s
I t has been proposed th a t th e  depression  o f th e  freezing  p o in t o f  w a te r by  th e  presence 
o f salts could facilita te  perig lacial processes, p rov id ing  a case for a m od ern  periglacial 
en v iro n m en t (M o h lm an n  and  T h o m sen , 2011). B rines, such as m agnesium  perchlorate, 
are believed to  be p resen t on  th e  N o rth e rn  P la ins o f M ars in  p ro x im ity  to  th e  P hoen ix  
lan d in g  site (e.g. C u ll e t al., 2010; H e ch t e t al., 2009). T h is  is one o f a varie ty  o f 
c ryobrines m an y  o f w h ich  are viable at h igh  n o rth e rn  la titudes and could allow  for 
regu lar freez ing  and th aw in g  w ith in  th e  range o f tem p era tu res  com m on  at th e  m artian  
surface (e.g. D avila e t al., 2010; M o h lm an n  and T h o m sen , 2011).
M o h lm an n  (2011) has suggested th a t  such cryobrines should  be stable betw een  6o°N  and 
8o°N  durin g  th e  late n o rth e rn  spring. T h is  w ould  p o ten tia lly  provide a source o f liquid  
w a te r a t th e  regu lar in terv a ls  requ ired  for seasonal periglacial cycles to  occur. 
M o h lm an n  and  T h o m sen  (2011) suggest th a t c ryobrines are m ost likely  on sun  facing 
slopes, w h ich  w ould  be expected  to  re s tric t th e  locations in  w h ich  periglacial processes 
reg u la rly  occur. T h ey  also state  th a t  occurrences o f cryobrines w ill be less com m on  at 
m id  to  low  latitudes.
I t  has been  show n th a t  th in  film s o f w a te r can develop th ro u g h  the  in te rac tio n  o f
cryobrines w ith  g round  ice and  th a t ice lenses should  th u s be able to  evolve (S izem ore
e t al., 2014). H ow ever, it has y e t to  be d em onstra ted  th a t periglacial so rting  can occur
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u n d er such cond itions. I t is n o t clear w h e th e r th e  presence o f  cryobrines w ould  actually  
d isru p t th e  so rting  process. C h am b erla in  (1983) describes a sig n ifican t decrease in  the  
effectiveness o f fro st heav ing  in  soils sa tu ra ted  w ith  seaw ater, re la tive  to  those w ith in  a 
fresh w ate r regim e. C om pared  to  m ost o f th e  cryobrines described by  M o h lm an n  and 
T h o m sen  (2011) seaw ater is n o t very  saline and  has a very  h ig h  eu tec tic  tem p era tu re .
T h e  m ag n esiu m  perch lorate  b rin es hypo thesised  to  account fo r perig lacial processes at 
th e  m artian  h ig h  la titu d es w ould  be expected to  have an  even g rea ter effec t on  th e  fro st 
heav ing  system . T h is  m ig h t slow  dow n  th e  so rting  process, o r lim it th e  size and  
v o lum e o f m ateria l w h ich  can be affected. C onverse ly  th e  m odels o f  S izem ore et al., 
(2014) suggest th a t  excess ice can develop as effic ien tly  using  co n cen tra ted  cryobrines 
as w ith  pure w ater. C onsequen tly , periglacial so rting  could re su lt n o rm ally  desp ite  th e  
saline cond itions.
U n fo rtu n a te ly , a ttem p ts  to  te s t w h e th e r so rting  w ould  still occur u n d e r such  co n d itio n s 
p roved inconclusive. Because phase one o f the  labo ra to ry  project, s im u la tin g  so rtin g  or 
fro st heav ing  u n d er te rre s tria l cond itions, p roved unfeasib le  th is  s tran d  o f  th e  
in v estig a tio n  w as n o t con tinued . F u rth e r ex p erim en ts  w ould  be requ ired  to  d e te rm in e  
w h e th e r cryobrines are a viable so lu tion  fo r allow ing perig lacial processes to  occur on  
p resen t day  M ars.
D o th e  resu lts o f  th is  su rvey  support th e  fo rm a tio n  o f  perig lacial lan d fo rm s th ro u g h  th e  
th aw in g  o f cryobrines? M o h lm an n  (2011) suggests th a t  c ryobrines shou ld  be stab le to  
th e  n o rth  o f  6o°N . T h is  is fu r th e r n o rth  th a n  m an y  o f th e  fea tu res ca ta logued  in  th is  
survey. B oth  gullies and  scalloped depressions are typ ica lly  fo u n d  a t m u ch  low er 
la titudes. H ow ever, these  lan d fo rm s are less likely  to  re su lt fro m  b rin e  fac ilita ted  th aw  
th a n  som e o f  th e  o th er p u ta tiv e  perig lacial featu res u n d e r ex am in a tio n .
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B oth  gullies and  th e rm o k ars t w ould  requ ire  large volum es o f  th aw  w h ich  seems 
un lik e ly  in  a scenario w here  th e  presence o f b rines allow s th in  film s o f very  saline 
w a te r to  develop w ith in  th e  ground. F u rth erm o re  th e re  is strong  ev idence to  support 
th e  fo rm a tio n  o f  scalloped depressions th ro u g h  sub lim ation  o f g round  ice (Sejourne et 
al., 2011; U lrich  et al., 2010) so b rin e  facilita ted  th aw  is n o t requ ired  to  explain  these 
features.
T h e  m ajo rity  o f exam ples o f  clastic p a tte rn ed  ground  are found  a t la titudes w here 
c ryobrines w ould  be expected to  form . A lm o st all o f  th e  grade fo u r and five features 
occur above o r around  6o°N. H ow ever, m an y  low er graded exam ples occur m uch  
fu r th e r  so u th  th an  th e  la titu d e  range w here c ryobrines are pred ic ted  to  occur. M any  o f 
these fea tu res also lie beyond th e  reg ion  in  w h ich  ground  ice is cu rren tly  stable and 
w here  th e  presence o f  excess ice is estim ated  from  W E H  data.
O n e  p ossib ility  is th a t  these generally  low  graded featu res do n o t resu lt from  periglacial 
processes. I t  m ig h t be possible for partia l p a tte rn s  to  develop w ith in  boulder patches 
e ith e r th ro u g h  an a lte rn a te  processes or ran d o m  chance. So th e  presence o f grade 1-2 
sorted  p a tte rn s  w ith in  a n o n  perig lacial area w ould  n o t be surprising .
A n o th e r  possib ility  is th a t  low  la titu d e  featu res fo rm ed du ring  a period  w hen  
co n d itio n s  at those la titu d es w ere m ore  favorable fo r th e  developm ent o f p a tte rn ed  
g round , e ith e r facilita ted  by cryobrines, or due to  th aw in g  o f  p u re r w ater. In  th is  case 
th e  low  graded n a tu re  o f these s tru c tu res  could be th e  resu lt o f su b stan tia lly  m ore 
deg rad atio n  d isru p tin g  older, re lic t features.
T h is  ex p lan a tio n  m ay  accoun t fo r the  presence o f h igh ly  graded lobate featu res at low 
la titu d es. O n ly  tw o  exam ples o f lobate structu res w ith  a grade o f 3 or above are found  
to  th e  n o r th  o f 6o°N , so it seem s likely  th a t these featu res can develop at a w id er range 
o f  la titu d es  th a n  th a t  over w h ich  ‘freeze-thaw ’ o f cryobrines is expected. I f  these  are
re lic t lan d fo rm s th is  could accoun t fo r th e ir  re la tive scarcity . A lte rn a tiv e ly , th e  fact 
th a t  few er exam ples o f lobes are found  m ig h t ind icate  th a t th ey  are occurring  in 
un u su al m icroc lim ates w here  th aw in g  o f  cryobrines is possible. M o h lm an n  (2011), does 
n o t ru le  ou t th e ir  p resence a t low er la titu d es  com pletely .
In  sum m ary , th e  th aw in g  o f  c ryobrines rem a in s th e  p referred  o p tio n  to  fac ilita te  the 
fo rm a tio n  o f sorted  p a tte rn ed  ground, b u t is perhaps less likely  to  accoun t fo r possible 
so lifluction  features. In  th e  case o f possible so rting , th e  tra n s itio n  from  h ig h e r graded 
to  low er graded sites does seem  to  occur at th e  la titu d in a l th resh o ld  fo r c ryobrine  
stab ility . T h is  w ould  seem  to  su p p o rt c ryobrine  facilita ted  th aw  as a fo rm a tio n  
m echan ism , and  ru le  ou t th e  so u th erly  lan d fo rm s as recen t perig lacial s tru c tu res.
11.5 A r e  th e s e  fe a tu r e s  p e r ig la c ia l?
T h ere  is considerable m orphological s im ila rity  betw een  the  featu res id en tified  in  th is  
in v estig a tio n  and  those found  in  te rre s tria l perig lacial en v iro n m en ts . M an y  o f  these  
lan d fo rm s are found  in  assem blages sim ilar to  those th a t  com prise a perig lacial 
landscape on  E arth . D o th ey  fo rm  th ro u g h  perig lacial m eans? O r  are th ey  th e  re su lt o f  
d iffe ren t processes, w h ich  produce a s im ilar end  resu lt?
11.5.1 S ca llo p ed  d e p re ss io n s  as th e rm o k a rs t
T h e  asy m m etry  o f th e  scalloped depressions exam ined  in  C h ap te r T e n  su p p o rt 
fo rm a tio n  du ring  a past period  o f h ig h e r ob liq u ity  as proposed b y  Sejourne e t al., (2011). 
T h is  is th e  period d u rin g  w h ich  perig lacial processes w ould  have been  m o st lik e ly  to  be 
viable, as th e  h ig h er ob liqu ity  w ould  have resu lted  in  increased  tem p e ra tu re s  a t h ig h  
la titudes. C onsequen tly , it is possible th a t these  heav ily  degraded  fea tu res  could  be 
ev idence o f a past perig lacial regim e.
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H o w ev er, th is  ten d en cy  fo r degraded scalloped depressions can o n ly  be confirm ed  to be 
th e  case for th e  tw o areas o f scalloped depressions around  D avies and  Lagarto C raters. 
F u rth e r ex am in a tio n  o f  scalloped te rra ins, b o th  in  A cidalia P lan itia  and elsew here on 
th e  N o rth e rn  P lains w ould  be requ ired  to  fu r th e r study  th is  issue. M an y  exam ples o f 
scalloped te rra in s  fro m  elsew here in  th e  H iR IS E  survey  area have a less degraded 
m orp h o lo g y  w h ich  m ig h t suggest a m ore recen t developm ent. T hese  sites w ere n o t 
exam ined  in  th e  sam e detail as those  d iscussed in  C h ap te r T en .
T h e  fresh  appearance o f m an y  o f these  featu res need n o t ru le ou t fo rm a tio n  du ring  past 
periods o f  h ig h er obliquity , since m an y  o f th e  exam ples p resen ted  by Sejourne et al., 
(2011) also have a less degraded m orpho logy  th a n  those around  D avies and Lagarto 
C ra ters . A lte rn a tiv e ly , these fresher-look ing  scalloped depressions could be evidence o f 
m ore  recen t degradation  as suggested by  Lefort et al., (2009) and M o rg en ste rn  et al., 
(2007).
11.5.2 C la s t ic  P a tte rn e d  G ro u n d  th ro u g h  p e rig lac ia l so r tin g .
W h ile  th e  clastic po lygons discussed in  C h ap te rs  Five and  N in e  are sim ilar in  fo rm  to 
te rre s tr ia l p a tte rn ed  ground, th ey  occur on  a far larger scale. T h e  low er g rav ity  on  M ars 
w ou ld  be expected  to  re su lt in  som e d ifference in  scale, w h ich  m ig h t account for the  
larger featu res on  th e  m artian  surface. C last size appears to  scale w ith  circle size in  b o th  
th e  te rre s tria l and m artian  data, so it is u n su rp ris in g  th a t m artian  featu res ex h ib it bo th  
larger bou lders and a w id er d iam ete r o f  polygon.
A t a f irs t ap p ro x im atio n , th e  m ean  size o f m ateria l m ak ing  up  the  po lygons around  
L om onosov  cra te r appears to  be sligh tly  h ig h er th a n  th ree  tim es th e  size o f th e  largest 
m ate ria l m ak ing  up som e o f  th e  largest sorted circles reported  in  th e  te rres tria l 
lite ra tu re , fo r exam ple, th e  set o f  very  large sorted  circles on E llesm ere Island  in  arctic 
C an ad a  p ic tu red  in  F igure 2.13b.
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Since th e  g rav ity  on  M ars is ap p ro x im ate ly  one th ird  th a t o f  E arth , m ateria l o f  th ree  
tim es g rea ter m ass w ould  be expected  to  be m oved by  equ ivalen t processes. T h is  w ould  
th u s  p u t m an y  o f th e  m artian  featu res on th e  u pper lim it o f  v iab ility ; how ever, these 
estim ates are ten ta tiv e . F u rth e r research  w ould  be needed to  com pare th e  size 
d is trib u tio n  o f  boulders in  th e  largest te rres tria l sorted  circles w ith  th o se  o f  th e ir  
m artian  analogues.
It is u n ce rta in  w h e th e r fro st heaving  w ill be as effective u n d er m artian  tem p era tu re  
cond itions. T h e  tem p era tu re  does n o t o ften  rise above th e  m eltin g  p o in t o f  pu re  w ater. 
C onsequen tly , freeze th aw  cycles w ould  n o t be expected  to  occur very  freq u en tly  and  
so it w ould  take a long tim e fo r featu res th a t requ ire  m u ltip le  freeze th aw  cycles to  
develop. T h is  m ig h t be o ffse t by  the  m u ch  low er erosion  ra tes  w h ich  w ould  allow  
su b stan tia lly  m ore tim e fo r these featu res to  develop. T h aw in g  ev en ts  w ou ld  o f  course 
occur m ore freq u en tly  in  system s w here  cryobrines depress th e  freez ing  p o in t, 
how ever, th is  could reduce th e  efficacy o f  fro st heav ing  as described by C h am b erla in  
(1983).
I t  has been d em onstra ted , in  C h ap te r N in e , th a t th e  clastic po lygonal n e tw o rk s  a ro u n d  
L om onosov cra te r do n o t appear to  be con tro lled  by th e  a rran g em en t o f  u n d e rly in g  
frac tu re  netw orks. S ince th e  frac tu re  con tro l hypo theses o f  Levy e t al., (2010), M ello n  e t 
al., (2008) and O rlo f f  et al., (2013) do n o t fit th e  observed c las t-frac tu re  re la tio n sh ip s  it 
seem s un lik e ly  th a t th ey  exp lain  th e  fo rm a tio n  o f  these  features. T h is  could  suggest 
th a t a perig lacial hy p o th esis  is m ore likely. T h ese  fea tu res have  su b stan tia l 
m orphological s im ila rity  to  te rres tria l analogues w h ich  adds w e ig h t to  a perig lacial 
fo rm a tio n  m echan ism . Som e o f th e  best exam ples o f  clastic s tripes occur on  h ill slopes 
o f th e  g rad ien t expected  to  produce such features.
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M an y  o f th e  h igher-g raded  featu res are found  in  reg ions w here  su ffic ien t W a te r  
E qu ivalen t H y d ro g en  is detected  to  suggest excess ice in  th e  n ea r subsurface, how ever 
th is  is n o t u n iversa lly  th e  case. T h e  fact th a t  a periglacial ex p lan a tio n  w ould require 
anom alous cond itions m eans th a t ex trao rd in ary  evidence w ould  be required  to  accept 
th is  hypo thesis . W h ile  som e s trands o f consilien t evidence support the  m echanism , 
m ore  research  in to  these featu res is requ ired  to  con firm  th a t th ey  form ed th ro u g h  
perig lacial m eans.
In  su m m ary , th e  periglacial h ypo thesis  is a strong  possib ility  to  exp lain  these features. 
N o  a lte rn a te  hy p o th esis  fits  th e  observations b e tte r th an  a perig lacial fo rm atio n  
m echan ism . W h ile  th ere  rem a in  som e concerns as to  th e  v iab ility  o f these processes 
th ey  rem a in  a likely  m echan ism  fo r th e  fo rm a tio n  o f m artian  clastic p a tte rn ed  ground.
11.5.3 L o bate  S tru c tu re s  as so lif lu c tio n  lobes.
T h ere  are too few  exam ples o f clear lobate structu res to  allow  a full assessm ent o f 
m orpho log ical varia tions. Each exam ple is sligh tly  d iffe ren t from  th e  o thers and only  
one clearly  clastic fea tu re  w as observed. T h is  lim its  th e  ex ten t to  w h ich  th e ir  likelihood 
o f being  perig lacial can be assessed. H ow ever, th e  fact th a t these featu res freq u en tly  
occur in  p ro x im ity  to  o th e r p u ta tiv e  periglacial featu res adds som e w eigh t to  th em  
fo rm in g  th ro u g h  re la ted  processes.
M an y  exam ples o f these  featu res are also found on steep slopes such as th e  w alls o f
im p act craters. T h is  fits  w ith  th e  topographic co n stra in ts  u n d er w h ich  te rrestria l
so lifluction  lobes fo rm  and  so adds w eigh t to  the  possib ility  th a t th ey  fo rm ed th ro u g h
perig lacial processes. A s w ith  th e  sorted  features described above, lobate s tru c tu res  are
n o t lim ited  to  th e  h ig h  n o rth e rn  latitudes. Som e possible exam ples are found  fu r th e r
sou th , beyond  th e  range o f la titudes w here  th aw  th ro u g h  cryobrines w ould  be viable. It
shou ld  be n o ted  th a t th e  best low  la titu d e  exam ple occurs on a slope w ith  a g rad ien t
3 8 4
w ell below  th e  five degree slope needed for th e  fo rm a tio n  o f  a so lifluction  feature. T h is  
casts som e doub t on  a perig lacial ex p lan a tio n  fo r these specific exam ples.
11.6 I m p lic a t io n s  
n.6.1 E n v iro n m e n ta l  Im p lic a tio n s
T h e  hy p o th esis  th a t  th e  n o rth e rn  h ig h  la titudes are a b rin e-fac ilita ted  perig lacial 
landscape has sign ifican t im p lica tions for th e  m artian  en v iro n m e n t b o th  past and  
p resen t. T h e  presence o f perig lacial lan d fo rm s ind icates th a t an  active layer can  develop 
in  m a rtian  ice-rich  perm afrost. T h aw in g  o f g round  ice m u s t have occurred b o th  
regu larly  and  in  su ffic ien t vo lum es to  produce th e  observed featu res. T h e  fo llow ing  
section  assum es a perig lacial scenario  and  sum m arizes th e  im p lica tions fo r th e  m artian  
en v iro n m en t if  th is  is th e  case.
R egardless o f  how  p rev alen t c ryobrines are in  th e  m artian  near-su rface  th e  co n d itio n s  
fo r th aw  w ill n o t be ubiquitous. T h aw  is on ly  likely  to  occur in  iso lated  locations, such 
as on  sun-facing  slopes w h ich  get su ffic ien t in so la tion  du rin g  th e  m o rn in g s  and  
even ings o f  th e  n o rth e rn  spring  (M o h lm an n , 2011). Such en v iro n m en ts  are likely  to  be 
m ore  com m on in  som e places th a n  in  o thers. T h e y  do n o t necessarily  co n s titu te  
anom alous m icroclim ates, b u t n o r w ould  th ey  be expected to  be u b iqu itous.
T h e  resu lts o f  th is  su rvey  su pport th is  assessm en t. A cross m o st o f  th e  area su rveyed  
exam ples o f p a tte rn ed  ground, and  especially  lobate structu res, are w id e ly  d ispersed  
and  are n o t found to  be especially  com m on. H ow ever, n e ith e r are th ey  so ra re  as to  
on ly  be found  in  a h an d fu l o f  im ages. N u m ero u s  exam ples o f  m o st p u ta tiv e  perig lacial 
lan d fo rm s are found , as are assem blages o f  them .
G allagher and B alm e (2011) proposed th a t  c ra te r in te rio rs  m ig h t be a ty p ica lly  w e t
en v iro n m en ts , due to  a co m bination  o f th e  presence o f  cryobrines and  th e ir  ab u n d an ce
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o f h ig h  in so la tio n  slopes. T h is  so rt o f m icroc lim ate  w ould  be favorable for periglacial 
processes, and  indeed  m an y  expressions o f these  land fo rm s are found  in  such places. 
H ow ever, th e re  w ere also a large n u m b er o f exam ples w h ich  did n o t occur in  such 
en v iro n m en ts . T h e  resu lts  o f  th is  su rvey  suggest th a t periglacial landscapes do no t 
requ ire  a specific m icroclim ate, a lthough  th is  doesn’t m ake locations w ith  such 
m icro c lim ates  any  less suitable fo r them .
P erig lacial landscapes can be sustained  in  a v arie ty  o f locations w ith o u t th e  large scale 
topograph ic  contro l, and  s tra tig rap h ic  inversion , provided  by a crater. T h is  is 
s ig n ifican t as it m eans th a t p u ta tiv e  perig lacial features are po ten tia lly  m ore 
w idespread  th a n  prev iously  suggested. F u tu re  investigations should  n o t focus on  crater 
in te rio rs  a t th e  expense o f su rvey ing  th e  in te r-c ra te r plains. F u rth e r research  is needed 
to  co n stra in  w h ich  m ore subtle factors, w h e th e r chem ical, clim atic  or topographic, 
con tro l th e  occurrence o f these w et en v iro n m en ts .
S ince it is n o t possible to  d irec tly  m easure  th e  presence or absence o f cryobrines on  the 
m a rtian  surface, p u ta tiv e  perig lacial fea tu res could provide a geom orphic m ark er for 
landscapes w here  th aw in g  m ay  have occurred. T h is  could be very  sign ifican t fo r th e  
s tu d y  o f th e  m artian  en v iro n m en t, since th e  regular th aw in g  o f w ater, h o w ev er b rine 
rich , w ould  p rov ide a usefu l en v iro n m e n t for various fo rm s o f ex trem o p h ilic  life.
T h ese  observations also have im p lica tions for o th e r land fo rm s w h ich  are hypo thesized  
to  be th e  re su lt o f thaw : fo r exam ple th e  R ecurring Slope Lineae (R SL) observed in  the  
so u th e rn  m id  la titudes (O jh a  et al., 2014). T hese  dark  streaks are seen to  develop on 
h ills ides and  progress fu r th e r  d ow nh ill betw een  th e  acqu isition  o f consecutive H iR IS E  
im ages, suggesting th a t w h a tev er process is responsib le  fo r th e ir  fo rm a tio n  is occurring  
slow ly  in  th e  p resen t day.
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H ence, seasonal flow s o f  b rin e  rich  w a te r m ig h t be one ex p lan a tio n  fo r these  s tructu res. 
C o m p arin g  th e ir  d is trib u tio n  to  th a t o f p u ta tiv e  periglacial featu res could p rov ide 
ev idence fo r o r against th is  hypo thesis . I f  th ey  resu lt from  th aw -re la ted  processes th en  
th ey  w ould  be expected  to  fav o u r sim ilar en v iro n m en ts  to  those  on  w h ich  sorted  stripes 
and  so lifluction  featu res w ould  be expected  to  develop in th e  p resen t day. I f  p a tte rn ed  
g round  could be found  in  p ro x im ity  to  RSL it w ould  add ev idence th a t those  featu res 
fo rm ed  th ro u g h  thaw -re la ted  processes ra th e r th a n  th ro u g h  a d ry  g ran u la r flow . RSL 
are p rim arily  found  a t low  so u th ern  la titudes, w ith  only  a few  exam ples on  th e  
so u th ern  edges o f th e  n o rth e rn  low lands. C onsequen tly , th e ir  d is tr ib u tio n  does n o t 
overlap  w ith  th e  stu d y  areas exam ined  in  th is  investigation . T h is  lim its  th e  ex te n t to  
w h ich  th ey  can be com pared  w ith  th e  lan d fo rm s discussed herein .
11.6.2 M e th o d o lo g ic a l Im p lic a tio n s
W h ile  H iR IS E  observations are requ ired  to  charac terise  p a tte rn ed  g round , it is possib le 
to  m ap th e  bou lder clusters in  w h ich  sorted  p a tte rn s  freq u en tly  occur using  m u ch  lo w er 
reso lu tio n  data. C onsequen tly , ex am in a tio n  o f H R S C  and C T X  im ages is su ffic ien t to  
n arro w  dow n locations w here  sorted  p a tte rn s  are likely  to  occur. T arg e ted  H iR IS E  
observations could th e n  be used to  co n firm  w h e th e r a sorted  p a tte rn  is in  fact p resen t.
I t  has been  show n th a t an  average n earest n e ig h b o u r analysis can  in d ica te  w h e th e r  a 
p a tte rn  is s ign ifican tly  d iffe ren t fro m  a ran d o m  arran g em en t and  it is possib le  th a t 
m ore com plex p a tte rn  recogn ition  system s could be applied to  charac terise  an d  p erh ap s 
detect polygonal s tru c tu res  au tom atically . S uch  a m ethodo logy  w ould  be fa r m ore  
efficien t th an  the  su rvey ing  procedure used d u rin g  th is  and  s im ilar su rv ey s an d  so 
could be o f use in  expand ing  th e  field o f  M ars perig lacial research . T h is  w as n o t 
explored as p art o f  th is  investigation . D evelop ing  and  tes tin g  an  au to m ated  sy stem  and
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ensu ring  th a t it w as able to  detect a large enough  p roportion  o f featu res to  be useful 
w ould  have been  beyond th e  scope o f th is  project.
11,7 F u rth er  w o r k
T h e  resu lts  o f th is  in v estig a tio n  suggest a v a rie ty  o f add itional studies by  w h ich  the 
pro ject could be expanded. T h e  follow ing  sections w ill detail several ideas w h ich  w ere 
beyond th e  scope o f th is  investigation , b u t w h ich  w ould  provide an  in te restin g  
exp an sio n  of, or ad d itio n  to, th e  surveys and exp erim en ts conducted  herein . ..
11.7.1 E x p a n s io n  o f  th e  s tu d y  a reas
W h ile  several h u n d red  H iR IS E  im ages have been exam ined  over th e  course o f th is  
investiga tion , covering 69845 k m 2, th is  is on ly  21.9% o f th e  area covered by H iR IS E  
w ith in  these study  areas. N u m ero u s  im ages w ere n o t chosen fo r th is  in v estig a tio n  since 
th ey  did n o t overlap w ith  m ed ium -sized  im pact craters. T h is  sam pling  reduced the  
available H iR IS E  im ages to  a n u m b er w h ich  could reasonably  be surveyed  as p art o f a 
P h .D . pro ject b u t inev itab ly  m eans th a t som e in teresting  areas w ill have been m issed.
A t th e  tim e  o f w ritin g , each study  area con ta ins betw een  1200-1400 H iR IS E  im ages. 
O n ly  462 o f  those w ere surveyed  during  th is  investigation . S u rvey ing  all available 
im ages w ould  th u s  be im practical. It w ould  also be in terestin g  to  expand th e  ex ten t o f 
th e  survey. J u s t  u n d er h a lf  o f  th e  N o rth e rn  P lains w ere included in  th is  p ro jec t’s study  
areas. E xam in ing  H iR IS E  im ages from  o th er p arts  o f th e  N o rth e rn  P lains w ould  
p rov ide a usefu l com parison , as w ould  equ ivalen t la titudes in  th e  so u th ern  hem isphere  
b u t th is  w ould  also generate  a p ro h ib itiv e ly  large data volum e.
C o n seq u en tly , it is proposed th a t  fu tu re  surveys o f th is  sort should  focus on a series o f 
sm aller s tu d y  areas a few  h u n d red  k ilo m etres in  d iam eter w here all available H iR IS E  
im ages can  be easily  surveyed . T h ese  sm aller areas could be spread o u t across th e
n o rth e rn  p lains in  th e  gaps n o t covered by  th e  p resen t inv estig a tio n , o r in  regions 
w here  a large n u m b er o f H iR IS E  im ages are available, b u t do n o t in tersec t im pact 
craters.
O f  p articu la r in te re st w ould  be H iR IS E  im ages in  p ro x im ity  to  sites w h ere  possible 
perig lacial assem blages w ere observed. For exam ples th e  100 H iR IS E  im ages closest to 
an  assem blage o f in te re st could be surveyed, or all im ages th a t fell w ith in  200 
k ilom etres could be selected.
Low er reso lu tion  data  sets could also be used to  ta rge t areas o f  possib le in terest. M o st o f 
th e  polygonal p a tte rn s  observed in  th e  Lom onosov area w ere p art o f  larger bou lder 
clusters. T hese  c lusters are visib le in  C T X  im ages and can  also be seen in  low er 
reso lu tio n  H R S C  im ages. C on seq u en tly , th e ir  locations could be m apped  a t low  
reso lu tion  (as w as done fo r th e  L om onosov reg ion ) and  th e n  H iR IS E  im ages could  be 
acquired  for a sam ple o f these  bou lder patches to  d e te rm in e  w h e th e r so rting  w as 
p resen t or no t. T h e  discovery  o f th e  featu res around  L om onosov cam e too late in  th e  
cu rren t in v estig a tio n  fo r H iR IS E  im age requests to  be subm itted .
11.7.2 E x a m in a t io n  o f  sca llo p ed  d e p re s s io n  a s y m m e try  u s in g  C T X  D E M s
T h e  d iscussion  o f scalloped depression  a sy m m etry  in  C h ap te r T e n  relies u p o n  
observations o f  th e  steeper slope o f a scalloped depression  as seen in  th e  C T X  im age. 
O fte n  one slope appears clearer th a n  ano th er, desp ite n o t being  th e  m ore  shadow ed  
slope determ ined  by  th e  d irec tion  o f th e  sun. H ow ever, th is  m eth o d  o f  d e te rm in in g  
w h ich  slope is steeper canno t be applied to  every  depression , as th e re  is o ften  no 
d ifference betw een  the  boundaries o f  th e  feature. A ctua l m easu rem en ts  o f  slope are n o t 
possible w ith  th is  m eth o d  and th e  resu lts  are acknow ledged  to  be som ew hat subjective.
In  places w here  m u ltip le  C T X  im ages overlap  it can  be possible to  gen era te  a D ig ita l
E levation  M odel (D E M ) using p h o to g ram m etry . T h is  w ould  p rov ide  e lev a tio n  data
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and  m ake th e  c lassifica tion  o f depression  a sy m m etry  m ore reliable. T h is  m ethod  w ould 
po ten tia lly  allow  th e  classification  o f scalloped depressions w here  slope asy m m etry  
could n o t be de term ined  by v isual inspection . It w ould  also provide a m ore  quan tifiab le  
d atase t to  tes t th e  observations p resen ted  in  C h ap te r T en .
T h e  sam e approach  could be applied to  o th er p u ta tiv e  periglacial features, such as the 
sorted  stripes and  lobes in  th e  v ic in ity  o f Lom onosov C rater. I f  H iR IS E  stereo pairs 
becom e available for th is  region, th en  H iR IS E  D E M s w ould  allow  a far m ore precise 
m easu rem en t o f th e  u n d erly in g  slope th a n  is possible using M O L A  p o in t data. 
C u rren tly , these  areas on ly  have a sm all n u m b er o f  overlapping C T X  and H R S C  
im ages, ’w h ich  do n o t alw ays coincide w ith  th e  locations o f th e  m o st in terestin g  
features. W e re  m ore tim e  available fo r th e  study, add itional im ages could be requested  
from  th e  H iR IS E  in s tru m en t to  allow  D E M s o f areas o f specific in te re st to  be m ade.
A  th o ro u g h  com parison  betw een  th e  scalloped depressions in  these study  areas and 
those  described  by Sejourne et al., (2011) w ould  requ ire  h ig h  reso lu tion  im ages. Sejourne 
et al., (2 o n )’s c lassifica tion  o f these  featu res relies up o n  the  ex am in a tio n  o f th e  b righ t 
bands freq u en tly  found  in  depression  in terio rs . S ince these bands are usually  below  the  
re so lu tio n  o f  th e  C T X  im ages in  th e  areas surveyed  th e  classification  p resen ted  here is 
som ew hat subjective. A cq u is itio n  o f h ig h er reso lu tion  im ages w ould  allow  for a be tte r 
com parison  be tw een  th e  tw o  studies to  be m ade.
11.7.3 F u r th e r  d e v e lo p m e n t o f  th e  la b o ra to ry  s tu d y
T h e  in v estig a tio n  in to  th e  effect o f  freezing  p o in t depression  on so rting  th a t is
described  in  append ix  one w as even tua lly  d iscon tinued  a fte r several exp erim en ts th a t
did  n o t p roduce sorted  pa tte rn s. S im ulating  frost heave u n d er te rres tria l cond itions
proved  p rob lem atic , so th e  in v estig a tio n  never ran  its p lanned  course. O n ly  one tria l
ru n  w as conducted  using  a salt so lu tion , and tru e  m artian  cond itions w ere n ev e r used.
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C onsiderab le  fu r th e r w o rk  w ould  be requ ired  to  re fin e  th e  m eth o d  to  a p o in t w here 
fro st heave can be re liab ly  produced. H ow ever, it has been  d em o n stra ted  in  th e  
lab o ra to ry  by  o th er stud ies such  as C h am b erla in  (1983), C o rte  (1963); and  V ik lan d er 
(1998), a t least u n d er te rre s tria l cond itions.
T h e  w o rk  described in  append ix  one leaves an  essen tial q u estio n  unan sw ered . C an  
freeze th aw  so rting  occur u n d e r m artian  cond itions? Is it possible to  generate  ice lenses 
such as those  described by  S izem ore e t al., (2014) o r w ould  th e  red u c tio n  in  
effectiveness o f fro st heav ing  in  saline soils (C h am b erla in , 1983) p rev en t th e  sign ifican t 
d efo rm atio n  o f  th e  ground?
D eta ils on  how  th is  ex p e rim en ta l w o rk  could be con tinued  are p resen ted  in  m ore detail 
in  Section  14.5. In  sum m ary , a series o f  ex p erim en ts  w ould  be ru n  using  a range o f 
iden tica l soil co lum ns w h ich  w ere k n o w n  to  heave u n d er te rre s tria l con d itio n s. Each 
w ould  be sa tu ra ted  w ith  a d iffe ren t b rin e  so lu tion , som e w ith  eu tectic  tem p era tu res  
w ith in  th e  range required  fo r fro st heav ing  u n d er m a rtian  co nd itions. S uch  an  
ex p e rim en t w ould  provide a p ro o f o f  concept fo r freezing  and  th aw in g  u n d e r m a rtian  
tem p era tu re  co nd itions and  so d em o n stra te  w h e th e r perig lacial processes should  be 
th eo re tica lly  possible. O nce a low  tem p era tu re  system  had  been  successfu lly  tes ted , 
fu r th e r  exp erim en ts could exam ine th e  role o f  p ressure using  a large v acu u m  cham ber.
W h ile  a p ro o f o f concept study  o f  th is  sort w ould  be useful th e re  is a lim it to  th e  
in fo rm a tio n  abou t a p u ta tive  m artian  perig lacial reg im e th a t it could p rov ide . T o  assess 
th e  properties o f a m artian  sorted  n e t and  h o w  th ey  d iffered  fro m  te rre s tr ia l p a tte rn ed  
g round  a range o f factors such as th e  g rav ity  o f  M ars and  th e  scale o f  m a r tia n  fea tu res  
w ould  need to  be p roperly  constra ined . T h is  adds a level o f  co m p lex ity  to  th e  s tu d y  
w h ich  w as beyond  th e  scope o f th is  in v estig a tio n , as it w ou ld  have  req u ired  a
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considerable in v es tm en t o f tim e and resources to  assess, n e ith e r o f w h ich  w ere 
available du rin g  th e  cu rren t project.
11.7.4 P a t te r n  re c o g n itio n
I t  has been  show n in  C h ap ters  Four and  Five th a t an  average n earest neighbour 
analysis can be used to  d e term in e  w h e th e r an  area o f seem ingly  sorted  boulders is in 
fact s ig n ifican tly  d iffe ren t from  a ran d o m  d is trib u tio n . T h is  is a useful too l in  assessing 
w h e th e r these  sites are evidence o f sorting . H ow ever, a m ore  soph isticated  p a tte rn  
reco g n itio n  system  could p o ten tia lly  go m u ch  fu rth e r. It w ould  be in te restin g  to  
develop a system  to  au tom atically  detec t and classify polygons based on  factors such as 
th e  scale and  e longation  o f th e  features. T h is  w ould  requ ire  being able to  iden tify  
w h ich  e lem en ts o f a d ig itised  bou lder p a tte rn  com prised th e  ex terio r o f  a po lygonal 
p a tte rn , and w h ich  did not.
T h is  is n o t possible using  th e  n earest n e ighbour analysis, w h ich  can only  ind icate  
w h e th e r  an  area o f p a tte rn ed  g round  is s ign ifican tly  clustered re la tive  to  a ran d o m  
d is trib u tio n , or w h e th e r it is s ig n ifican tly  dispersed. W h ile  it provides ev idence for 
o rgan isa tion , th is  is n o t th e  m ost usefu l m eans o f classify ing areas o f sorted  p a tte rn ed  
g round . A n  approach  w h ich  looked at th e  re la tive  sizes o f fine  and  coarse dom ains, the  
elo n g atio n  o f po lygons and  th e  d ispersion  o f clasts w ith in  coarse dom ains w ould  be 
m ore  useful. T h e  la tte r  could be used to  assess how  likely  a line o f aligned clasts w as to  
be p art o f an  actual lin ear feature.
In  th is  study , po lygons w ere m an u ally  digitised; h ow ever th is  w as ex trem ely  tim e
co nsum ing  and  so lim ited  th e  n u m b er o f areas th a t  could be exam ined . A  m ethod
capable o f d is tin g u ish in g  be tw een  d iffe ren t po lygons w ould  enable au tom atic
classification  o f areas o f bou lder s trew n  ground  as w ell as c lassification  o f th e  scale and
elo n g atio n  o f  these features. It is possible to  au tom atica lly  id en tify  boulders and  th e ir
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shadow s in  H iR IS E  im ages (G o lom bek  et al., 2012, 2008). T h is  tech n iq u e  has been used 
to  assess th e  safety  o f  p o ten tia l land ing  sites to  avoid  dam age to  landers du rin g  descent 
o n to  large rocks.
T h is  suggests th a t it should  be possible to  p rog ram  an  au to m ated  sy stem  to  id en tify  
rocks and  to  look fo r p a tte rn s  in  bou lder d is trib u tio n  such as stripes and  polygons. A  
fu tu re  study  to  investigate  th e  arran g em en t o f  polygonal p a tte rn s  on  E arth  an d  M ars  
using  p a tte rn  recogn ition  could prove very  valuable in  testing  th e  h y p o th esis  th a t  these  
featu res fo rm ed  th ro u g h  sim ilar processes on  b o th  planets.
11.7.5 Structure from  Motion fo r  lo n g  te rm  m o n ito r in g  cam p a ig n s
T h e  field cam paign  described in  C h ap te r F our tested  th e  use o f  structure from  motion, a 
re la tive ly  new  p h o to g ram m etry  tech n iq u e  w h ich  has th e  p o ten tia l to  provide a valuable 
resource fo r fu tu re  field cam paigns (W esto b y  e t al., 2012). T h e  tech n iq u e  enables 
researchers to  produce h ig h  reso lu tion  d ig ita l e leva tion  m odels fro m  field  p h o to g rap h s 
and  th is  has applications for m an y  areas o f  geom orphology.
O n e  p o ten tia l use fo r th is  techno logy  w ould  be as p art o f  a long te rm  m o n ito rin g  
cam paign  to  study  th e  evo lu tion  o f sorted  p a tte rn ed  g round  in  th e  field. S uch  a p ro ject 
has o n ly  lim ited  app lica tions to  assessing w h e th e r m artian  featu res are analogous to  
te rres tria l p a tte rn ed  g round, b u t w ould  be v ery  usefu l for te rres tria l perig lacial research . 
O n e  study  by  Kaab et al., (2014) has used p h o to g rap h  sets tak en  several years ap a rt to  
assess th e  developm ent o f sorted p a tte rn ed  g round  in  an  area o f  S p itsb erg en  and  a 
s im ilar m ethodo logy  could be applied to  o ther, m ore  accessible sites.
A  p rog ram  could be instiga ted  to  record  structure from  motion data  sets on  an  an n u a l
basis at several sites w here  sorted  p a tte rn ed  g round  is p revalen t. S ince U n m a n n e d
A eria l V ehicles (U A V s) are becom ing increasing ly  inexpensive  it w ould  be possib le to
record  a structure from  motion datase t w h ich  included  low  e lev a tio n  a ir p h o to g rap h s.
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T h is  w ould  p rov ide a h ig h er reso lu tion  in te rm ed ia te  step betw een  ground-based 
observations, and  those from  aerial pho tographs.
T w o  field  cam paigns w ere conducted  as p art o f  th is  investigation , b u t structure from  
motion on ly  fo rm ed a sign ifican t p art o f th e  second expedition . C onsequen tly , 
d e te rm in in g  w h e th e r change w as tak in g  place w ith in  specific featu res w as beyond  the  
scope o f th is  project. I t is likely  th a t a single year is too  sh o rt a tim e  for s ign ifican t 
changes in  th e  m orpho logy  o f a p atch  o f sorted  p a tte rn ed  g round to  occur. T h e  Iceland 
site is easily  accessible and con ta ins featu res on  a varie ty  o f scales. I t  w ould  th u s  be 
reasonab ly  sim ple to  o b ta in  several years o f data  in tended  specifically  for s truc tu re  
from  m o tio n  processing. T h e  longer th e  tim e series, and th e  greater the  frequency  w ith  
w h ich  the  site is v isited , th e  m ore in fo rm atio n  abou t th e  changes tak in g  place at th e  site 
can be gleaned.
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12 Chapter Twelve: Conclusions
In  th is  investiga tion , a v a rie ty  o f sites w here  p u ta tiv e  perig lacial featu res occur on  th e  
N o rth e rn  P la ins o f  M ars have been described. M an y  featu res w ith  sim ilar 
m orphologies to  te rres tria l perig lacial lan d fo rm s are found  in  areas w h ere  g round  ice is 
believed to  be p resen t (B o y n to n  et al., 2010; F eldm an et al., 2004). T h ere  are also a large 
n u m b er o f sites w here  m u ltip le  periglacial featu res are p resen t. W h ile  by  no  m eans 
com m on, these  p o ten tia l perig lacial assem blages are found  in  all th ree  s tu d y  areas, 
across a fa irly  w ide range o f  la titudes, and  on all te rra in  types surveyed . T h ese  sites 
provide th e  best evidence fo r a perig lacial origin.
D iffe ren t types o f  lan d fo rm  are m ore co m m o n  across d iffe ren t reg ions o f  th e  stu d y  
areas. Sorted  featu res are m ost com m on  at h ig h  n o rth e rn  la titu d es, w h ile  assem blages 
fea tu rin g  scalloped depressions and  gullies are found  th ro u g h o u t th e  m id  la titudes. 
S ites w here  lobate s tru c tu res  occur in  p ro x im ity  to  o th e r p u ta tiv e  perig lacial lan d fo rm s 
are su rp rising ly  com m on  considering  th e  very  low  n u m b er o f  lobate featu res found  
overall. It seem s u n lik e ly  th a t  these  assem blages are th e  re su lt o f  chance, since sites 
w ith  lobate featu res are so scarce.
It is in te re stin g  to  n o te  th a t b o th  clastic p a tte rn ed  ground  an d  lobate featu res occur
fu rth e r sou th  th a n  p rev iously  th o u g h t w ith in  these stu d y  areas. Som e sites have been
observed m uch  fu r th e r  south , b u t n o t w ith in  th e  area su rveyed  in  th is  in v es tig a tio n
w here  m ost observations had been lim ited  to  h ig h  n o rth e rn  la titudes. E xam ples o f  b o th
are found  as fa r so u th  as 35°N. H ow ever, th e  m ore so u th erly  clastic  n e tw o rk s  are
generally  graded low er th a n  th e ir  n o rth e rn  co u n terp arts , and  so are less likely  to  be
periglacial. Som e exam ples occur in  reg ions w here  g round  ice is n o t cu rren tly  p red ic ted
to  be stable. T h is  m ig h t m ean  th a t these  featu res are re lic t lan d fo rm s, re m a in in g  fro m  a
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past period  w h en  g round ice w as stable at these latitudes; a lte rn a tiv e ly  th ey  could have 
fo rm ed  th ro u g h  un re la ted  processes. T h is  fin d in g  ce rta in ly  suggests th a t fu tu re  surveys 
should  n o t be lim ited  to  th e  h igh  latitudes.
L andform s w h ich  are pred ic ted  to  be topograph ically  con tro lled  are freq u en tly  found  to  
be co n sis ten t w ith  te rrestria l analogues. For exam ple , lobate structu res are n o t found  at 
as low  e levations as m an y  exam ples o f  clastic n e tw o rk s and  scalloped depressions. T h is  
m akes sense if  th ey  are p red o m in an tly  fo rm in g  on  h ill slopes th ro u g h  so lifluction  
processes. T h e  sam e is found  to  be tru e  for sorted  stripes and rubble piles. S tripes are 
also p red ic ted  to  be h ill slope features.
M an y  exam ples o f stripes and  lobes occur on  steeper slopes th a n  m o st o f th e  h igher 
graded polygonal p a tte rn s. T h e  m ajo rity  o f these featu res are found  on slopes o f the  
g rad ien ts  w h ich  are in  ag reem en t w ith  te rrestria l observations o f sorted  stripes and 
so lifluction  lobes. W h ile  som e exam ples o f lobes and  stripes are fo u n d  on too shallow  a 
slope and  som e polygonal n e tw o rk s  occur on  steeper slopes th a n  w ould  be expected, 
m o st are co n sis ten t w ith  a perig lacial exp lan a tio n , based on  te rres tria l experience.
N u m ero u s  scalloped depressions w ere found  across th e  study  areas. T h e  co ncen tra tion  
o f such  depressions w as h ighest in  U to p ia  P lan itia , b u t th ey  w ere still com m on in  all 
reg ions surveyed. Scalloped depressions are o ften  found  in  assem blages w ith  gullies and 
th is  could ind icate  th a t  th e ir  fo rm a tio n  m echan ism s are related . T h erm o k arst-lik e  
processes are one possib ility , as it has been suggested th a t gullies could be th e  resu lt o f 
th aw in g  (C o sta rd  et al., 2002).
T h e re  is debate as to  w h e th e r scalloped depressions fo rm  th ro u g h  thaw ing  o f ground 
ice (e.g. C o sta rd  and  Kargel, 1995) or re trogressive sub lim ation  o f ice-rich  m ateria l (e.g. 
L efort e t al., 2010). T h e  observations m ade du ring  th is  s tu d y  canno t ru le ou t e ith er o f 
these  hypo theses. S u b lim atio n  w ould  seem  to  be the  m o st likely  fo rm a tio n  m echan ism ,
given  th e  cold, d ry  en v iro n m e n t o f p resen t day  M ars. H ow ever, th e re  is evidence th a t 
th e  scalloped depression  fields a round  D avies and  Lagarto C ra te rs  could have form ed 
du rin g  a past period o f h ig h er ob liqu ity  w h e n  th aw  m ig h t have been  viable.
T h e  scalloped depressions iden tified  around  these craters have a h eav ily  degraded 
m orpho logy  and  seem  to  have steeper pole facing slopes. T h ese  featu res are 
p red o m in an tly  o f type  th ree  features on  th e  classification  sy stem  o f Sejourne e t al., 
(2011), ind icating  th a t th ey  are expand ing  and  ex h ib it scalloped edges. H o w ev er, m an y  
type  fo u r and  five featu res, w here  m ultip le  scalloped depressions m erge in to  larger 
structu res, are also p resen t.
M an y  areas w h ich  are even m ore degraded th a n  type  five depressions are observed. 
T h is  suggests a m atu re , w ell-developed  landscape. T h e  steeper slope o f  a scalloped 
depression  is believed to  ind icate  th e  p a r t o f  th e  featu re  w h ich  received th e  m ost 
inso la tion , and th u s  w here  th e  m ajo rity  o f  th aw  or su b lim atio n  occurred  (S e jo u rn e  et 
al., 2011). Pole-facing slopes w ould  be expected  to  receive h ig h er in so la tio n  du rin g  h igh  
ob liq u ity  excursions. In  th e  p resen t day  th e  equato r facing slopes w ould  be expected  to  
have g reater inso lation . B oth  D avies and  Lagarto C ra te rs  show  steeper pole facing 
slopes and  th u s  support fo rm a tio n  in  th e  past.
T h e  h ig h est co n cen tra tio n  o f possible sorted  p a tte rn ed  g round w as fo u n d  in  th e  reg ion  
around  L om onosov C ra ter. I t has been  d em o n stra ted  using an  average nearest neighbour 
analysis th a t clastic n e tw o rk s w ere found  to  be s ign ifican tly  d ispersed  re la tiv e  to  a 
ran d o m  d is trib u tio n . T h is  is co n sis ten t w ith  th e  data gathered  w h en  th e  sam e analysis 
tech n iq u e  w as applied to  te rres tria l featu res, in  w h ich  o rg an isa tio n  w as co n firm ed  b y  in  
situ  observations. T h is  con firm s th a t  a clastic p a tte rn  is p resen t a t these  an d  o th e r sites 
w ith in  th is  region.
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T h e  m a rtian  clastic p a tte rn s  stud ied  here  are m orpho log ically  sim ilar to  those found  at 
th e  te rre s tria l field sites, b u t are m uch  larger in  scale. S orting  th ro u g h  fro st heave 
w ould  be expected to  be m ore effic ien t u n d er low er g rav ity , as th e  upw ards force o f 
fro st heav ing  w ould  be expected to  rem a in  th e  sam e. S ince m artian  g rav ity  is a th ird  
th a t o f  E arth  it should be possible fo r m ateria l o f th ree  tim es g reater m ass to  becom e 
organised. T h is  b roadly  fits  w ith  th e  larger size o f  th e  boulders observed at th e  m artian  
sites com pared to  those on  E arth .
A n aly sis  to  determ in e  w h e th e r elongated polygons w ere aligned dow nslope was 
inconclusive, largely  due to  th e  lack o f h ig h er reso lu tion  d ig ital e leva tion  m odels from  
w h ich  slope aspect could be derived. T h e  scaling o f clast size w ith  polygon size was 
sh o w n  to  be sim ilar to  th a t  seen in  te rrestria l sorted  p a tte rn ed  ground. C last size does 
scale w ith  polygon area, b u t the  te rrestria l exam ples show  a m uch  s tronger correlation  
th a n  equ ivalen t m artian  land fo rm s.
W h ile  these  struc tu res have several m orpho log ical sim ilarities  to  te rrestria l analogues, 
it is u n ce rta in  w h e th e r periglacial so rting  can occur u n d er m a rtian  cond itions. T h e  
lab o ra to ry  exp erim en ts to  d e te rm in e  w h e th e r freeze th aw  sorting  could be facilita ted  
by  cryobrines proved  to  be inconclusive. It is possible th a t th e  presence o f b rines could 
depress th e  freezing  p o in t su ffic ien tly  to  allow  these processes to  occur, b u t th is  has yet 
to  be dem onstra ted . It is u n ce rta in  w h e th e r th e  effect o f d issolved salt on  th e  frost 
h eav in g  process w ould  reduce its efficacy (e.g. C ham berla in , 1983) and w h a t th e  resu lt 
w ou ld  be fo r a m artian  perig lacial en v iro n m en t. W h ile  som e m a rtian  soils should  be 
fro st-suscep tib le , th is  casts som e doub t over th e  v iab ility  o f a perig lacial hypothesis.
C o n seq u en tly , th e  a lte rn a te  hyp o th eses  w h ich  suggest th a t  these featu res form ed 
th ro u g h  in te rac tio n  o f clasts w ith  u n d erly in g  fractu re  ne tw orks w ere also assessed. 
T h ese  include g rav ita tio n a l so rting  (L evy et al., 2010, 2008a; M ellon  et al., 2008) and
boulder ra tch e tin g  (O r lo ff  et al., 2011, 2013). H ow ever, these h ypo theses do n o t seem  to 
fit w ith  th e  observed n e tw o rk  m orphologies around  Lom onosov crater. For exam ple 
clastic p a tte rn s  freq u en tly  occur in  th e  absence o f  a discernible n e tw o rk  o f u n d erly in g  
fractures. W h e re  b o th  clastic and  frac tu re  n e tw o rk s are superposed th ey  do n o t a lw ays 
appear to  be related . C onsequen tly , it seem s un likely  th a t these  s tru c tu res  fo rm ed  
th ro u g h  frac tu re  con tro l and th u s  by  e ith e r o f  th e  m echan ism s c ited  above.
C h ap te r E leven p resen ts  a varie ty  o f  projects w h ich  could expand  u p o n  th e  w o rk  
p resen ted  here. M ore  com plex p a tte rn  analysis techn iques could be used to  fu r th e r  
charac terise  clastic netw orks. T h e  C o n stru c tio n  o f  H iR IS E  D E M s could allow  m ore  
precise m easu rem en ts  o f  grad ien t and  topograph ic  control. Som e o f th e  tech n iq u es  used 
in  th is  p roject could be applied to  th e  s tu d y  o f  te rres tria l p a tte rn ed  g ro u n d  in  th e  field, 
and  th e  lessons learn t from  th e  surveys could be used to  conduct m ore  ta rg e ted  stud ies 
in  th e  fu tu re . F inally  th e  aborted  labo ra to ry  stu d y  could be rev isited , using  th e  fin d in g s 
o f th is  in v estig a tio n  to  develop a w ork ing  m ethodology.
In  sum m ary ; nu m ero u s sites co n ta in in g  p u ta tiv e  periglacial lan d fo rm s have  been  
catalogued and  characterised . T h e  follow ing  conclusions have been  d raw n;
•  E xam ples o f clastic n e tw o rk s and  lobate h ilL slope featu res are fo u n d  fu r th e r  
so u th  th a n  prev iously  th o u g h t, beyond  th e  ex ten ts  o f p rev ious stud ies o f  these  
features.
•  Scalloped depressions aro u n d  D avies and  Lagarto C ra ters  have a degraded  and  
m atu re  appearance. T h e  p resence o f steep pole facing slopes on  th ese  fea tu res  
also supports fo rm a tio n  du ring  a past period  o f  h ig h er ob liquity .
•  T h e  arran g em en ts o f  clastic p a tte rn s  a round  L om onosov c ra te r re tu rn  a 
d ispersed resu lt w h en  an  average n earest neig h b o u r ana lysis is conduc ted ,
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suggesting  th a t p a tte rn s  are sign ifican tly  d iffe ren t from  a ran d o m  boulder 
d is trib u tio n
•  T h e  clastic n e tw o rk s at th is  site are m orpho log ically  sim ilar to  exam ples o f 
sorted  patte rn ed  g round  exam ined  in  n o rth e rn  Iceland, w h ich  produce the  sam e 
re su lt w h en  a nearest n e ig h b o u r analysis is applied.
•  T h ese  clastic n e tw o rk s do n o t appear to  be contro lled  by  un d erly in g  fractu re  
netw orks, m ak ing  fo rm a tio n  by  g rav ita tiona l so rting  or bou lder ra tch etin g  
unlikely .
In  conclusion, a periglacial h ypo thesis  rem ain s th e  best exp lana tion  fo r areas o f clastic 
p a tte rn ed  g round on  M ars. T h ese  featu res have been show n to  occur in  n o n -ran d o m  
arran g em en ts  and n e ith e r o f th e  tw o  com peting  theories to  exp lain  th e ir  fo rm a tio n  
th ro u g h  fractu re  con tro l fit th e  c last-frac tu re  re la tionsh ips seen in  th e  area around  
L om onosov C rater. T h e  perig lacial ex p lan a tio n  is n o t y e t fu lly  dem onstra ted , as the  
v iab ility  o f cryobrine facilita ted  th aw  has y e t to  be confirm ed. H ow ever, u n til  an o th e r 
ex p lan a tio n  for these featu res can be advanced it rem ains th e  fo rm a tio n  m echan ism  
m o st likely  to  explain  th e  observed m orphologies.
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14 Appendix One: Periglacial processes under martian 
conditions: A  laboratory study
Chapter Three discusses the possibility that the presence o f salts in the subsurface 
could depress the freezing point o f interstitial brines sufficiently to allow more 
frequent thaw ing events to occur. T his could potentially allow  sorted patterned ground 
to develop over a wider range o f conditions than would otherwise be the case. H ow ever  
it is uncertain whether sorted patterns can develop in h ighly saline environm ents or 
w hether the presence o f brines w ill disrupt the form ation o f the coherent ice lenses 
required to heave the soil.
T his appendix presents the results o f  a series o f experim ents aimed at sim ulating these 
processes in the laboratory. H ow ever after significant work and m ultiple changes in 
approach, these experim ents did not produce satisfactory results, either negative or 
positive. Therefore, after several attem pts and nearly tw o years o f work, the focus o f  
the PhD  w as shifted to the remote sensing side o f the study. N evertheless, the 
experim ental background and literature, and the descriptions o f the experim ents 
them selves, are included here, both for sake o f com pleteness and also to provide 
im portant context for som e o f  the topics discussed throughout the thesis.
14. i A im s
T his stage o f  the investigation was a “proof o f  concept” study to determine w hether the
conditions in the martian subsurface in the present day would be suitable for the
developm ent o f  ice lenses and the form ation o f sorted patterned ground. A lthough the
presence o f  concentrated brines provides an interesting avenue to allow these processes
to occur it is possible that the sensitiv ity  o f the system  to factors other than
temperature could hinder the developm ent o f sorted patterned ground. For exam ple
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patterned ground w ill on ly form in locations w ith  frost-susceptible soil and where 
sufficient water is present to allow  the developm ent o f  a frozen fringe.
T o determ ine w hether this is the case a series o f  laboratory studies were conducted  
attem pting to simulate freeze thaw sorting in the lab and determ ine w hich  parameters 
are m ost significant in controlling the sorting process. If  heaving o f large particles can 
be triggered in a brine saturated soil, w ithout the temperature rising above zero °C, it 
w ould provide a proof o f  concept for sorting w ith  even more exotic brines. It would  
indicate that periglacial processes could occur at m uch lower temperatures than those  
sim ulated in the lab, in the presence o f  more exotic brines. T he m agnesium  
perchlorates believed to occur at the Phoenix landing site being one such exam ple (C ull 
et al., 2010; H echt et al., 2009).
14.2 M ethodology
A  variety o f different m ethodologies were used during this investigation  as the  
experim ent was redesigned several tim es over the course o f  the project. A  variety o f  
experim ental setups were tested as unforeseen confounding variables came to light. 
T he basic intention  throughout this iterative procedure was to develop a sim ple m ethod  
w hich  would, over a number o f freeze thaw  cycles, result in  clear evidence o f  frost 
heaving.
T he objective was not to produce a sorting pattern, or to assess the distribution o f
particles o f different sizes w ith in  the soil colum n before and after sorting. T he desired
result was a procedure w hich  could be replicated at a range o f  low  temperatures, to
investigate whether the use o f brines w ould allow  the sorting or heaving process to
occur. T he ideal test w ould be an experim ental set up where, over a relatively short
period o f  tim e, stones w ith in  the subsurface could be seen to rise towards the surface, or
the height o f the surface to rise due to frost heaving.
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14.2.1 Prior Investigations
O ver the course o f the 20th century a variety o f  studies have been conducted into the 
sorting and frost heaving processes; all used a slightly different procedure, but some 
m ethodological elem ents remain constant and can inform  the current study. This 
section provides a brief overview  o f the literature and how  these studies influenced the 
current experim ental design.
Taber (1929) was the first study on the subject. Taber found that frost heave was the 
result o f  the form ation o f ice lenses w ith in  the soil, rather than the expansion o f ice 
upon freezing. H e concluded that ice lenses are more likely to form as a result o f a slow  
freezing process rather than a sudden temperature drop. Particles are m oved in the 
direction o f ice growth and this is away from  the direction o f cooling. Therefore if  a 
sample is cooled from below  then ice w ill grow in an upwards direction, m oving  
particles w ith  it.
Taber concluded that ice lens segregation occurs preferentially w ith in  a matrix o f very  
fine grained particles (<i ;xm), w hen the rate o f  cooling is slow, and w hen the 
percentage o f void space is high, and water is available to replenish that frozen into the 
ice lenses.
Corte (1962, 1963) investigated the factors that affected frost heave w hen  a sample was 
subjected to a series o f -  20 temperature cycles. Corte used a cold plate to simulate 
cooling from below and a heating tape to provide heating from above. H e found that 
sorting occurred w hen  the freezing front advance rate was between 30-44 m m  h \  Fine 
particles o f  diameters less than o.1-0.5 m m  migrated w hen the rate o f freezing was high  
or low, w h ile coarser particles only migrated w hen subjected to low  rates o f freezing. 
Corte concluded that the area o f contact between the particle and the freezing front was 
critical in allow ing thaw ing to take place, and found that water content was important.
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A  layer o f water m ay w ell be required between the freezing front and the particles in 
order for m ovem ent to occur.
M ackay (1984) discussed tw o different processes that could contribute to frost heave; a 
“frost pull theory” where a stone becom es trapped w ith in  a downwards freezing front 
and lifted and a “frost push theory” where the growth o f ice beneath a stone causes it to 
be lifted. H e simulated both upwards and downwards freezing, but used a large stone 
on a block o f ice, rather than a stone suspended w ith in  a soil matrix. M ackay found  
that ice lenses grow on the cold side o f a stone, presumably that closest to the nearest 
freezing front, and that this would push it into the unfrozen soil on the far side, thus 
away from  the freezing front. H ow ever he concluded that the process is very  
com plicated and that more research into it is required.
In the study o f V iklander (1998), a single (25 m m ) stone was placed w ith in  a m atrix o f  
finer material and its position  m onitored by repeated X-ray im aging. T he sample was 
frozen from the top down in this study. But frost heaving was still observed, suggesting  
that frost pull processes were taking place. T hey observed upwards m ovem ents o f the 
large clast in samples w ith  small am ounts o f void space, w hile downwards m ovem ent, 
probably due to settling, was seen w hen large void spaces were present.
T his procedure would work w ell for this investigation as the m ovem ent o f a large stone  
w ith in  a sim ple soil m atrix would provide a good indicator that heaving is occurring. 
H ow ever the equipm ent necessary to m onitor the position o f  a stone by X-ray im aging  
was not available for use in the current investigation, so a different approach was used.
M atsuoka et al., (2003) conducted an experim ent to measure the difference in heave 
betw een a fine dom ain and one consisting o f  fines overlain by several centim etres o f  
coarse gravel. T hey  insulated all sides o f  the container except for the top, from  w hich  
the sample was both cooled and heated. T hey found that the heaving o f the soil was
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suppressed by the presence o f coarse material, and that it heaved later than the finer 
domain, and subsided earlier. T his is in keeping w ith  the observations o f Corte (1962, 
^ 63) that the fine domain is likely to be more susceptible to frost heaving.
These studies show  that frost heaving has been demonstrated in the laboratory under a 
range o f  conditions; critically, w ith  the dom inant freezing direction being both  
upwards, and downwards. Sorting usually occurred w ith in  10-20 cycles o f the start o f  
the experim ent. T he importance o f cooling from  the bottom  up should be tested to 
determ ine to what extent the direction o f cooling is significant.
A ll o f these researchers appear to have placed their samples w ith in  a cold room, 
m aintaining a specific low  air temperature, usually ranging between o°C and -20°C, 
for the duration o f the experim ent. A ll heating and cooling was independent o f the 
overall environm ental control. In the current investigation a cold room w as not 
available, but a freezer could be used to m aintain a stable low  temperature w hile a 
separate heating system  was used to cycle the temperature.
14.2.2 M a te r ia ls
A  range o f materials were used over the course o f this investigation. A  variety o f  
fractions o f  different sized particles were required (as illustrated in Figure 14.1). T he  
m ost important o f these was a substrate that would serve as the soil colum n for the 
experim ents. T his material needed to be sufficiently frost-susceptible to allow heaving  
to occur, w h ile also being available in large quantities. Several different options were 
considered and tested as the experim ental work progressed.
In itially  the JSC M ars-i sim ulant (A llen  et al., 1998) was considered for use. T his 
material consists o f  weathered volcanic ash selected to be a good analogue for the 
materials observed by landers on the martian surface. T he majority o f this material has
a grain size in the 10 to 100 pm  range; consequently, it should prove frost-susceptible.
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U ltim ately  it was decided that this sim ulant should not be used for this investigation  as 
the large quantities that w ould be required would prove prohibitive to acquire. 
H ow ever it provided a useful starting point for assessing the type o f  material that was 
likely to be present on the martian surface.
Instead the initial set o f  experim ents was conducted using m edium  grained sand w ith  a 
m ean grain size o f approxim ately 250 m icrons. T his was som ew hat coarser than the 
Mars analogue w ould have been, but was available in m uch larger quantities, allow ing  
experim ents w ith  far larger soil colum ns to be conducted. T he properties o f  this 
material were w ell w ith in  the constraints expected for a martian surface material, and 
similar material had been used to simulate the martian surface by other studies (e.g. 
C onw ay et al., 2011).
T he mean grain size o f  this material is on the upper lim it o f frost susceptibility, but it 
was used m ainly for pilot studies, to begin to understand how  the experim ental system  
behaved. T his m edium  grained sand was later m ixed w ith  fine grained clay particles to 
produce a new  substrate w ith  a slightly different grain size distribution. It was hoped  
that this w ould increase its frost susceptibility. During the experim ents, how ever, it 
was found that the clay particles aggregated into small clusters that actually had a 
larger grain size than that o f the sand. It was decided to use this material as an alternate 
substrate since it did have som e sim ilarity to the cohesive clay com ponent w h ich  has 
been described as being present in martian soils.
Finally, a series o f  experim ents were conducted using a sample o f  fine grained mud, 
extracted from the bed o f W alton  Lake, a water body adjacent to the O pen U n iv ersity ’s 
M ilton Keynes Campus. T his material was sieved until on ly  the fraction that passed  
the 500 micron sieve remained. T his material did not pass the 90 m icron sieve w ith ou t 
forcing. H ow ever it was believed that this was due to the high clay concentration
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w h ic h  caused  th e  pa r t ic le s  to  cohere .  F in e r  par t ic les  w e re  p re se n t ,  b u t  m a y  n o t  have  
been  an  ac t ive  c o m p o n e n t  o f  th e  m a te r ia l  d u e  to  th e i r  c lu m p in g  in to  c lu s te rs  w i th  a 
la rge r  e ffec t ive  g ra in  size. S evera l  sam ples  o f  th is  f ine  g ra in ed  m u d  w ere  m ix e d  w i th  
sand  an d  th e  c lay -san d  m ix tu re s  to  p ro v id e  a v a r ie ty  o f  d i f fe re n t  m a te r ia ls .
Figure 14.1: V ariety o f material used in these investigations: a) large stones: 5 cm  long 
pebbles, b) black fraction: 1-2 cm  small pebbles, c) blue fraction: 3-4 m m  granules, d) red 
fraction: 0.5-1 m m  coarse sand, e) yellow  fraction: 25 flm fine sand m ixed w ith  1-5 m m
clusters o f  cohered clay (w hite fraction).
T h e  coarse  f ra c t io n  co n s is ted  o f  severa l d if fe re n t  g rades  o f  s tones . T h e s e  w ere  b o u g h t
f r o m  an  a q u a r iu m  supp lie r ,  so th a t  each  f rac t io n  w as  dy ed  a d i f fe re n t  colour. T h i s  
m a d e  th e  d i f fe re n t  f ra c t io n s  eas ie r  to  d i s t in g u ish  w h e n  m ix e d  w i th  th e  ye l lo w  sand  and  
m a d e  it eas ie r  to  assess w h e th e r  a n y  m o v e m e n t  w as  o c c u r r in g  w i th in  th e  soil co lu m n .  
T h e  ra n g e  o f  m a te r ia ls  used  is i l lu s t ra te d  in F igure  14.1
4 2 8
14.2.3 Sodium Chloride Brines
A  set o f sodium  chloride solutions were prepared so that brines w ith  a variety o f  
freezing point depressions could be tested. A  saturated solution was prepared and this 
was then  diluted to produce solutions o f  o, ioo/0, 20% 23.3%, 25% and 300/0 saturations.
T he eutectic solution o f 23.3% produces the greatest freezing point depression, reducing 
the freezing point to -2i.i°C. T his is far higher than the temperatures that w ould be 
required for freeze thaw sorting to occur on Mars. In that situation a m ore exotic brine 
w ith  a lower eutectic temperature would be required. H ow ever it was decided that, to 
begin w ith , an easily accessible and handled salt w ith  a moderate freezing point 
depression should be used, rather than a more difficult to use salt such as m agnesium  
perchlorate, w hich  would have required more com plex procedures to store and handle 
safely. By using sodium  chloride it was also not necessary to cool the chambers to the 
very low  temperatures characteristic o f the martian environm ent, m erely to 
temperatures below  the eutectic temperature o f  the salt.
T his arrangement provides a warmer analogue: i f  sorting could occur w ith  sodium  
chloride brines at temperatures o f -30°C then it provides a proof o f concept that sorting 
could occur w ith  m agnesium  perchlorate brines at temperatures as low  as -70°C. If  
sorting were observed at a m oderately reduced temperature, then it w ould be likely that 
the presence o f the brine did not impede the sorting process sufficiently, and this 
m echanism  would be viable at lower temperatures. If how ever th is relatively  low  
freezing point depression was sufficient to prevent significant frost heaving then  it 
m ight rule out more exotic brines from  facilitating the developm ent o f  periglacial 
features on Mars.
It is possible that the presence o f very concentrated brines could adversely affect the 
sorting process. A  reduction in frost heaving has been observed in soils saturated w ith
brines relative to those containing pure water (Chamberlain, 1983). Studies into the 
form ation o f  ice lenses suggest that the presence o f a concentrated brine can result in a 
less coherent structure, where channels o f unfrozen brine are interspersed w ith  regions 
o f pure ice (Arenson, 2004; A renson and Sego, 2006). T his would be expected to affect 
the sorting process. T he effect o f the expansion and contraction o f water upon a phase 
change has a negligible effect on frost heaving, w hich  is m ainly the result o f  the 
accum ulation o f coherent lenses o f ice w ith in  the soil. C onsequently any adverse effect 
upon volum etric change due to salt concentration w ould be unlikely to have as 
significant an impact as the disruption to ice lens developm ent.
M artian temperatures are difficult to m aintain in a laboratory for extended periods o f  
tim e, but had the initial run o f experim ents proved successful at m oderately low  
temperatures then a small series o f  Mars condition runs could have been attempted to 
test the scaling argument.
14.3 O verview  o f Experimental work
T his section w ill discuss the series o f  experim ents conducted over the course o f the 
project. Several o f  the experim ents described herein did not produce useful results. 
C onsequently, the m ethod was repeatedly redesigned to take additional factors into 
consideration so in som e cases the changes made to the experim ental procedure are the 
focus o f a section rather than the elem ents that remained constant from  previous tests. 
It was in itially  hoped that this experim ental design process would be com pleted fairly 
rapidly, how ever this u ltim ately did not prove to be the case.
T he basic m ethodology o f Corte (1963) was chosen as a simple case where demonstrable 
sorting occurred. H ow ever, that study demonstrated the sorting process takes a long 
tim e to produce measurable changes in the soil column, in excess o f  20 cycles in the
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case o f Corte (1963). C onsequently, each experim ent had to be continued for m any  
w eeks to determine w hether or not it was producing results.
T his m eant that the overall developm ent process took far longer than would have been  
ideal. U ltim ately  a working system , producing validated results, w as not achieved and 
so the effect o f  freezing point depression was not explored further. Since the findings 
o f the previous studies could not be replicated it was not possible to proceed w ith  
further testing.
A fter tw o years o f redesigns it was decided that this aspect o f the thesis should be 
halted to free up more tim e for other, more reliable strands o f  the investigation. T he  
results o f  the laboratory work are presented in overview , as they provide a useful 
illustration o f the sensitiv ity  o f this system  to various conditions such as soil type, 
availability o f water and rate o f cooling.
14.3.1 S o r tin g  e x p e r im e n t o n e : P ilo t  S tu d y .
T he first experim ent in this series was intended as a pilot study to see how  susceptible 
the materials were to freezing and thawing. A  random m ixture o f several particle sizes 
was repeatedly frozen and thawed to determ ine whether m ovem ent o f  the particles 
w ould occur. It was hypothesised that frost heaving w ould occur and that this w ould be 
visible in several ways: firstly, because the vessel used was transparent, the form ation  
o f segregated ice would be visible w ith in  the soil colum n and so th is w as m onitored by  
a web'cam era for the duration o f the experim ent. Secondly, frost heaving w ould  be 
apparent as an increase in the height o f the surface, and thirdly, the m ovem en t o f  
specific large stones (w hether due to frost pull or frost pushing) would be apparent, as 
their final positions would differ from  their initial ones.
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14.3.1.1 Setup.
A  1000 m L  b eak e r  w as  filled w i th  fo u r  o f  th e  d i f fe re n t  p ar t ic le  s izes s h o w n  in  F igure  
14.1. 500 g o f  b lack  s tones  w i th  a m e a n  d ia m e te r  o f  9-13 m m , 300 g o f  b lue  w i th  2-3 m m  
d ia m e te rs ,  200 g o f  red  sand  o f  o .1-0.5 rn m  an d  200 g o f  f in e r  g ra in ed  y e l lo w  sand  
w h ic h  w as  exp ec ted  to  be th e  m o s t  f ro s t- su scep t ib le  c o m p o n e n t .  T h e  fo u r  sizes o f  
m a te r ia l  w e re  m a n u a l ly  m ix e d  a n d  b lue  and  b lack  s tones  w ere  sca tte red  th ro u g h o u t  the  
c o lu m n ,  w i th  a th ic k e r  laye r  at th e  top  and  at th e  b o t to m . T h e  c o lu m n  w as  th e n  
s a tu ra te d  w i t h  100 m L  o f  d e io n ised  w a te r ,  leav ing  a h ead  o f  a p p ro x im a te ly  1 cm  to 
en su re  th a t  it in f i l t ra te d  all o f  th e  w a y  in to  th e  soil c o lu m n .  T h e  a r r a n g e m e n t  o f  c lasts 
at th e  s ta r t  o f  th e  ru n  is s h o w n  in  F igure  14.2.
Figure 14.2: beakers o f  m ixed material before freeze-thaw cycling began. Granule sized  
material is random ly distributed w ith in  a colum n o f coarse and fine grained sand. The  
central colum n is the m ounting for therm ocouples and the beakers are raised on foam  
blocks to prevent preferential cooling o f the bottom  due to contact w ith  the chamber 
floor, a) Side view , b) v iew  o f  the surface.
T w o  b eak e rs  w e re  p repa red ,  c o n ta in in g  th e  sam e p ro p o r t io n s  o f  th e  d i f fe re n t ly  sized 
m a te r ia ls .  O n e  w as  i n s t r u m e n te d  w i t h  a c en tra l  p lastic  rod, o n  w h ic h  th ree  
th e rm o c o u p le s  w ere  m o u n te d ,  spaced 2.5 cm  a p a r t  w i th  th e  b o t to m  m o s t  s en so r  being  
o n e  c m  f r o m  th e  base o f  th e  sam p le  an d  th e  to p m o s t  fa ll ing  ju s t  be low  th e  su rface  w h e n  
th e  b e a k e r  w a s  filled w i th  a p p ro x im a te ly  500 m L  o f  m a te r ia l .  H e r m e t ic a l ly  sealed K 
ty p e  th e rm o c o u p le s  w e re  ch o se n  ( H S T C - T T - K I - 2 4 S - 1 M ) .  T h i s  w o u ld  a l low  th e
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temperature w ith in  the colum n to be m onitored and the rate at w hich  the freezing front 
penetrated into the soil to be determined. In this instance, both beakers contained  
deionised water.
Both cylinders were then placed w ith in  a thermal cycling chamber. T his device could 
be programmed to vary the air temperature w ith in  the chamber over a specified period 
o f tim e. A n  initial value was set, and the value to w hich  the temperature should rise or 
fall over a designated period o f tim e. T he chamber then changed the temperature at a 
constant rate over that period. T he temperature was set to cycle betw een io°C and -io°C  
tw ice per day, thus cooling and heating at a rate o f i.67°C per hour. A  low  rate o f  
cooling was required to ensure the low  freezing front progressions described by Corte 
(1963) as being a key parameter in producing the requisite sorting effect. 80 freeze thaw  
cycles were conducted over a period o f  40 days. T h is was chosen to be w ell in excess o f  
the number o f  cycles required to generate frost heaving by the previous studies from  
w hich this m ethod was derived.
T he cylinder was placed on foam  blocks to insulate it from  the chamber floor as 
illustrated in Figure 14.2. C onsequently, the upper surface o f the colum n should cool 
fastest, as the sides would be insulated by the glass. Adding further insulation to the 
sides was considered, but it was decided that this w ould interfere w ith  the ability to 
m onitor m ovem ent w ith in  the soil colum n w hile the experim ent progressed. Data from  
the therm ocouples confirm ed that the surface cooled faster than the interior, how ever, 
in retrospect a better temperature gradient w ith in  the sample w ould have been  
produced if  more insulation had been used.
14.3.1.2 Results
A fter eighty cycles no evidence o f sorting or frost heave could be seen. Before and after
im ages from  the webcam  are show n in Figure 14.3 and show  no appreciable difference.
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T h e  su rface  h ad  n o t  ex h ib i te d  ver tica l d isp la c e m e n t  at a n y  p o in t  d u r in g  th e  e x p e r im e n t  
an d  no  segrega ted  ice w as  obse rved  fo rm in g  d u r in g  th is  t im e .  Ice froze  w i th in  the  
pores, b u t  th e  v o lu m e tr ic  increase  re s u l ta n t  f ro m  freez ing  w as  in su f f ic ie n t  to  hav e  a 
s ig n if ican t  e ffec t on  th e  p o s i t io n  o f  a n y  o f  th e  s u r ro u n d in g  clasts.
a) before b) after
Figure 14.3: Images o f the soil colum n captured by the web-camera in the chamber 
before and after the freeze thaw cycling. N o  significant change in the position o f  the
soil particles has occurred.
S evera l  fac to rs  cou ld  h av e  re su l ted  in  th e  lack o f  a re sp o n se  f ro m  th is  set up. Firs tly , 
th e  m ix tu r e  o f  coarse  g ra in ed  m a te r ia ls  cou ld  h av e  re su l ted  in  th e  pore  spaces b e tw e e n  
th e  pa r t ic le s  be in g  too  large to  a l low  th e  d e v e lo p m e n t  o f  a f ro z e n  f r in g e  (i.e. the  soil 
w as  n o t  su f f ic ie n t ly  f ro s t-su scep t ib le ) .  S econd ly , it is possib le  th a t  th e  sam ple  f roze  too  
ra p id ly  fo r  an  u n f r o z e n  c o m p o n e n t  to  develop . S lo w er  ra te s  o f  f reez in g  m ig h t  have  
ex h ib i te d  m o re  o f  a resu lt .  F inally ,  th e  vessel used  fo r  th is  e x p e r im e n t  w as  rea so n ab ly  
sm all  a n d  it w as  h y p o th e s i s e d  th a t  edge effects  could  be p re v e n t in g  b u lk  m o v e m e n t  
f ro m  o c cu rr in g ,  as th e  soil c o lu m n  w as  c o n s t ra in e d  o n  all s ides by  th e  w alls  o f  the  
beaker.
It  w as  dec ided  th a t  th e  n e x t  set o f  e x p e r im e n ts  w o u ld  use a la rge r  t ray , to  reduce  the  
p o ss ib i l i ty  o f  edge effec ts  a n d  th a t  a m o re  l im ite d  set o f  m a te r ia ls  w o u ld  be used, w i th  a 
m u c h  la rge r  f r a c t io n  o f  th e  f ine  g ra in ed  c o m p o n e n ts .  M o s t  im p o r ta n t ly  it w o u ld  be set 
u p  so th a t  coo ling  w as  f ro m  b e low  th e  soil c o lu m n  r a th e r  t h a n  f ro m  above.
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14.3*2 S o r tin g  e x p e r im e n t tw o : D ire c tio n a l C o o lin g .
S in ce  th e re  w e re  sev e ra l p a ra m e te rs  w h ic h  cou ld  h a v e  re su lte d  in  th e  lack  o f  ch an g e  in  
th e  f irs t  e x p e r im e n t i t  w a s  d ec id ed  to  t r y  a ra d ic a lly  d if fe re n t se t u p  fo r  th e  seco n d  so 
th a t  m o re  fa c to rs  cou ld  be c o n tro lle d . T h is  e x p e r im e n t d e lib e ra te ly  u sed  a m u c h  
s im p le r  sy s te m , c o n s is tin g  o f  la rg e r  s to n e s  su sp e n d e d  w i th in  a m a tr ix  o f  f in e  san d . T h e  
sm a lle r  g ra n u le s  w e re  re m o v e d , as it  w as  fea red  th a t  th e y  m ig h t h a v e  a d v e rse ly
a ffe c ted  th e  flo w  o f  w a te r  th ro u g h  th e  sam p le  d u r in g  e x p e r im e n t o n e .
14.3.2.1 Setup
In  th is  te s t  a m e ta l t r a y  w as  u sed  to  h o ld  th e  so il c o lu m n  r a th e r  th a n  a g lass b eak e r. A n  
RS ltd . d ie  ca s t a lu m in iu m  c irc u it  b o x  20 cm  o n  a side  w as  se lec ted  fo r  th is  p u rp o se . 
T h is  p ro v id e d  a la rg e r sam p le  size  a n d  e n su re d  th a t  th e  p r im a ry  d ire c t io n  o f  co o lin g  
w as  f ro m  b e low , d u e  to  th e  good  th e rm a l c o n ta c t b e tw e e n  th e  m e ta l t r a y  a n d  th e  base  
o f  th e  ch am b er. S in ce  th e  la rg e r sam p le  size  m a d e  it  to o  large fo r  th e  th e rm a l  cy c lin g  
c h a m b e r  a d if fe re n t sy s te m  w a s  se t u p . A  la rg e  ch e s t fre e z e r  w as m o d if ie d  to  h o ld  a 
liq u id  n itro g e n  co ld  p la te  as sh o w n  in  F ig u re  14.4. T h e  te m p e ra tu re  a t th e  b ase  o f  th e  
so il c o lu m n  co u ld  th u s  be c o n tro lle d  b y  th e  f lo w  o f  l iq u id  n i tro g e n  th ro u g h  th e  sy s te m . 
O n e  a d v a n ta g e  o f  th is  se t u p  w as  th a t  m u c h  lo w e r te m p e ra tu re s , p o te n t ia l ly  
co m p a ra b le  w i th  th o se  o n  M ars , co u ld  be reach ed . H o w e v e r  th is  c am e  w i th  th e
d isa d v a n ta g e  th a t  th e  e x ac t ra te  o f  co o lin g  w as  h a rd e r  to  c o n tro l.
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F ig u re  14.4: a) C h e s t  fre e z e r  w i th  b ) liq u id  n itro g e n  co ld  p la te .
T h r e e  th e rm o c o u p le s  w ere  p laced at th e  b o t to m ,  m id d le  an d  su rface  o f  th e  soil co lu m n . 
T w o  w ere  a t ta c h e d  to  the  cold p la te  a n d  a n o th e r  m e a su re d  th e  a ir  t e m p e ra tu re  o f  the  
c h a m b e r .  A  w eb  cam era  w as  p o in te d  d o w n  at th e  surface  o f  th e  soil c o lu m n  to  observe  
a n y  ch an g es  in  th e  p o s i t io n  o f  th e  large stones, o n ly  o n e  o f  w h ic h  w as  in i t ia l ly  visible.
T h e  soil c o lu m n  w as  c o m p o se d  o f  san d  o f  th e  sam e ty p e  as th e  f ine  f ra c t io n  used  in  th e  
p re v io u s  ru n .  R a th e r  t h a n  m ix in g  g rave l  w i th  th e  sand  it w as  dec ided  to  place th re e  4 
c m  long  s tones  at d if fe re n t  d e p th s  w i th in  th e  sand  c o lu m n  an d  see w h e th e r  th e y  
s h o w e d  a n y  m o v e m e n t  a f te r  rep ea ted  freeze  th a w  cycles. T h i s  w o u ld  m a k e  it easier  to  
q u a n t i fy  m o v e m e n t ,  r a th e r  t h a n  t ry in g  to  t ra c k  th e  p o s i t io n s  o f  a large n u m b e r  o f  
sm a lle r  s tones .  O n e  s to n e  w as  p laced  at th e  b o t to m  o f  th e  soil c o lu m n ,  w i th  its u p p e r  
su rface  2 c m  above th e  base o f  th e  co lu m n ,  one  w as  p laced in  th e  m id d le  o f  th e  co lu m n , 
w i th  its base at a h e ig h t  o f  o n e  cm  f ro m  th e  b o t to m  a n d  its  to p  at a h e ig h t  o f  tw o  cm; 
o n e  c m  be low  th e  to p  o f  th e  sand. T h e  th i rd  s tone  w as  p laced  at th e  su rface  o f  the  
c o lu m n ,  w i th  its base  at a h e ig h t  o f  tw o  cm, ju s t  b e low  th e  surface, an d  its u p p e r  e x te n t  
at th re e  c m  h e igh t;  a p p ro x im a te ly  o n e  c m  above th e  surface  o f  th e  sand . T h e  soil 
c o lu m n  w as  sa tu ra te d  w i th  a eu tec t ic  so d iu m  ch lo r ide  so lu tion .  T h i s  sho u ld  have  a 
f reez in g  p o in t  o f  -21.2 °C. T h i s  se tu p  is i l lu s tra ted  in  F igure  14.5 an d  a sch em a tic  
d ia g ra m  is s h o w n  in  f igu re  14.6.
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F ig u re  14.5: T h e  so il c o lu m n  is s a tu ra te d  w i th  b r in e  p r io r  to  b e in g  p laced  w i th in  th e
c h a m b e r.
D u e  to  th e  use o f  a m e ta l  t r a y  it w as  im p o ss ib le  to  see w h a t  w as  go in g  o n  at d e p th  
w i t h i n  th e  soil c o lu m n ,  b u t  th e rm o c o u p le s  w e re  p laced  at th e  b o t to m ,  m id d le  a n d  to p  o f  
th e  soil c o lu m n  so th a t  th e  ra te  o f  t e m p e ra tu re  c h a n g e  could  be m o n i to re d .  T h i s  w o u ld  
be v e ry  im p o r ta n t  w i th  th is  set up  since  th e  v a r ia t io n  in  t e m p e r a tu r e  h a d  to  be 
m a n u a l ly  co n tro l led  u s in g  th e  l iqu id  n i t ro g e n .  T h e  l iqu id  n i t ro g e n  cold p la te  w as  used  
to  oscilla te  th e  te m p e ra tu re  b e tw e e n  -io °C a n d  '3o°C n in e  t im es .
In i t ia l ly  th a w in g  w as  a c h iev ed  by  o p e n in g  th e  f reeze r  an d  sw i tc h in g  it off. L a te r  a la m p  
w a s  in tro d u ced ,  a c o n tro l  sy s te m  w as  t h e n  set up  to  a llow  th e  la m p  to  be s h u t  o f f  
a u to m a t ic a l ly  w h e n  th e  t e m p e ra tu re  in  th e  c h a m b e r  a p p ro a c h e d  zero , e n s u r in g  th a t  a n y  
th a w in g  had  to  be th e  re su l t  o f  th e  d e p re ss io n  o f  th e  f re e z in g  p o in t .  T h e  in i t ia l  r u n  
w i th  n o  lam p  co n s is ted  o f  4 cycles, t h e n  a f u r th e r  th re e  cycles w e re  c o n d u c te d  w i t h  th e  
la m p  a n d  t h e n  tw o  m o re  w i th  a la m p  a n d  c o n tro l  sy s tem .
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S a t u r a t e d
C o l u m n
•war
C o ld  p la te  t e m p e r a t u r e  -70 °C
'ig u re  14.6: A p p a ra tu s  fo r  th e  second  se t o f  so r tin g  e x p e rim e n ts . T h e  te m p e ra tu re  
g ra d ie n t  w ith in  th e  soil is c o n tro lle d  b y  th e  d iffe re n c e  b e tw e e n  th e  a ir  te m p e ra tu re , 
m a in ta in e d  b y  th e  fre e z e r  a n d  th e  co ld  p la te  te m p e ra tu re  w h e n  liq u id  n itro g e n  is 
in tro d u c e d  in to  th e  sy s te m . C o n se q u e n tly , co o lin g  sh o u ld  o ccu r f ro m  th e  b o tto m  up.
« . I n f r a r e d
C h a m b e r  air
H e a t l a m pt e m p e r a t u r e  L
r e s t r i c t e d  to  -5 °C
14.3.2.2 Results
N o  ch an g e  in  th e  p o s i t io n s  o f  th e  s tones  w as n o te d  an d  th e  surface  w as  n o t  obse rved  to  
h eav e  o v e r  th e  course  o f  th e  e x p e r im e n t .  H o w e v e r  d isks  o f  w h i te  ice sp read  o u t  to  
co v e r  th e  su rface  each  t im e  th e  sam ple  froze. T h e s e  are be lieved  to  be a p ro d u c t  o f  th e  
c ry s ta l l i s a t io n  o f  th e  c o n c e n tra te d  salt so lu t io n  be ing  used, as th e y  w ere  n o t  obse rved  in  
s im i la r  c o n d i t io n s  w h e re  p u re  w a te r  w as  used.
T h e  sam ple  w as  e x c a v a ted  a f te r  n in e  cycles an d  it w as  fo u n d  th a t  th e  sam p le  w as  no  
lo n g e r  s a tu ra te d  w i th  w a te r  n e a r  th e  surface . T h i s  w as due  to  e v a p o ra t io n  o f  th e  w a te r  
w h i le  th e  sam ple  w as  s ta n d in g  b e tw e e n  freez in g  cycles, g rad u a l ly  d ry in g  o u t  th e  soil 
c o lu m n .  D r y in g  o u t  w as  m o s t  p ro n o u n c e d  at th e  to p  o f  th e  co lu m n , b u t  g iv en  su ff ic ien t  
t im e  th e  e n t i r e  soil c o lu m n  w o u ld  lose its in te rs t i t ia l  w a te r .  C o n s e q u e n t ly ,  i t  w as
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d ec id ed  th a t  th e  w a te r  lev e l sh o u ld  be to p p e d  u p  in  fu tu re  ru n s , a lth o u g h  th is  m ig h t 
h a v e  a n  e ffec t o n  th e  c o n c e n tra tio n  o f  th e  sa lt so lu tio n .
O v e ra ll  n o  c h an g e  in  th e  p o s itio n s  o f  th e  s to n e s  w as o b se rv ed . I t  is su sp ec ted  th a t  th e re  
w as  in s u f f ic ie n t w a te r  w i th in  th e  sy s te m  to  a llo w  ice len ses  to  a ccu m u la te , c e r ta in ly  
n o t  e n o u g h  to  e x e r t  s ig n if ic a n t p re ssu re  o n  th e  s to n es . I t  is p o ss ib le  th a t  u s in g  la rg e  
s to n e s  p re v e n te d  s ig n if ic a n t h e a v in g , as th e  p re ssu re  re q u ire d  to  l if t  a la rg e r  s to n e  
w o u ld  be p ro p o r tio n a lly  g rea te r . C o n se q u e n tly , it  w as d ec id ed  th a t  tw o  c h an g es  sh o u ld  
be m a d e  fo r  th e  n e x t  e x p e r im e n t: f irs tly , sm a lle r  m a te r ia l  sh o u ld  be u sed , a n d  seco n d ly , 
th e  sy s te m  w o u ld  be re su p p lie d  w ith  w a te r  to  m o re  a c c u ra te ly  s im u la te  th e  a v a ila b ili ty  
o f  w a te r  in  a th a w in g  ac tiv e  lay er.
14.3.3 S o r tin g  e x p e r im e n t th re e : S m a lle r  s to n e s  
14.3.3.1 Setup
A  m o d if ie d  v e rs io n  o f  th e  p re v io u s  e x p e r im e n t w as se t u p  u s in g  th e  sam e a p p a ra tu s . In  
th is  ru n  th e  w a te r  w as  re p le n ish e d  f ro m  th e  to p  d o w n , b y  p o u r in g  a d d itio n a l w a te r  
o n to  th e  c o rn e r  o f  th e  sam p le  w h e n  th e  su rface  ap p ea red  to  h a v e  d rie d  o u t. P o ly s ty re n e  
b lo ck s w ere  a lso  p laced  a ro u n d  th e  m e ta l t r a y  to  t r y  to  in su la te  th e  sides, so as to  e n su re  
th a t  co o lin g  w o u ld  o n ly  o ccu r f ro m  th e  b o tto m  u p  a n d  to  a le sse r  e x te n t  f ro m  th e  to p  
d o w n , h o w e v e r  i t  w as reco g n ised  th a t  w ith o u t  b u ild in g  a c u s to m  vesse l, fu ll  in s u la t io n  
w o u ld  be im p o ss ib le  d u e  to  c o n d u c tio n  f ro m  th e  w a lls  o f  th e  tr a y  to  its  base , s in ce  th e  
a lu m in iu m  b o x  u sed  h a d  a h ig h  th e rm a l c o n d u c tiv ity .
T h e  so il c o lu m n  c o n s is te d  o f  a m ass  o f  sa n d  4 cm  deep  w ith  th e  sm a ll g ra n u le s  o f  th e  
b lack  g rad e  p laced  in  tw o  la y e rs  a t o n e  cm  ab o v e  th e  b o tto m  a n d  o n e  cm  b e lo w  th e  
su rface . A  sc h e m a tic  o f  th is  se tu p  is sh o w n  in  F ig u re  14.7. P u re  w a te r  w as  u se d  so th a t
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r e p le n ish in g  it w o u ld  n o t  affec t th e  salt c o n c e n tra t io n .  I f  th e  se tup  had  w o rk e d  th e n  
salt so lu t io n s  w o u ld  h a v e  been  in t ro d u c e d  in  a la te r  e x p e r im e n t .
lam b er  air
tem pera tu re  
restric ted  to -5 °C
1 4 .3 .3 .Z Results
.
la rg e r  c las ts .F ig u re  14.7: th in  la y e rs  o f  b la c k  s to n es  u se d  ra th e r  th a n  sev era l
_________
*dsupwai
Cold plate tem p era tu re  -70 °C
R e p le n ish in g  th e  w a te r  level f r o m  above  p re se n te d  a s ig n if ican t  p rob lem , as it e roded  
th e  f in e r  m a te r ia l ,  e x p o s in g  th e  s tone  laye r  bu r ied  ju s t  b e n e a th  th e  surface. T h i s  had  
th e  resu l t  th a t  it w as  im p o ss ib le  to  te ll  w h e th e r  th e re  h ad  b een  an  u p w a rd  m o v e m e n t  o f  
th e  s tones  due  to  h e a v in g  o r  no t .
A f t e r  6 cycles, u s in g  a m ix tu r e  o f  th e  l iqu id  n i t ro g e n  cold p la te  an d  th e  f reezers  o w n
coo ling  sy s tem , th e  c o lu m n  w as  d issected . T h e  c lear te s t  fo r  s tone  m o v e m e n t  w o u ld
h av e  b een  th e  p re sen ce  o f  s to n es  in  c o n ta c t  w i th  th e  b o t to m  o f  th e  t r a y  fo r  d o w n w a rd s
m o v e m e n t ,  o r  at th e  su rface  fo r  u p w a rd s  m o v e m e n t .  H o w e v e r  r e p le n ish in g  th e  w a te r
f r o m  above d is ru p te d  th e  level o f  th e  surface m a k in g  it h a rd  to  d e te rm in e  w h e th e r
th e re  h ad  b een  a ch an g e  in  th e  p o s i t io n  o f  th e  s tones .  N o n e  w ere  fo u n d  in  c o n ta c t  w i th
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th e  base  o f  th e  tra y , su g g e s tin g  th a t  n o  s ig n if ic a n t d o w n w a rd  m o v e m e n t h a d  o ccu rred . 
I t  w as  co n c lu d ed  th a t  th e re  m ig h t h a v e  b e e n  m o v e m e n t o u t o f  th e  s to n e  lay e rs , b u t th is  
w as  h ig h ly  u n c e r ta in  an d  th is  se tu p  w as  c o n c lu d ed  to  be in e ffe c tiv e .
14.3.4 S o r tin g  e x p e r im e n t fo u r: Im p ro v in g  th e  w a te r  su p p ly .
14.3.4.1 Setup
T h e  se tu p  w as  re v ise d  to  c o rre c t fo r  th e  p ro b le m s e n c o u n te re d  in  th e  p re v io u s  ru n . A  
p e rfo ra te d  p ip e  w as b u rie d  in  th e  b o tto m  o f  th e  tr a y  so th a t  w a te r  co u ld  be re p le n ish e d  
fro m  th e  to p  u p , w ith o u t  r isk in g  d is ru p tin g  th e  su rface . I t  w as  fo u n d  th a t  it  to o k  m o re  
th a n  2 d ay s fo r  th e  c o lu m n  to  c o m p le te ly  d ry  o u t  e v en  w i th  th e  h e a t lam p  on . 
C o n se q u e n tly , to p p in g  it  u p  re g u la r ly  (o n ce  p e r d a y ) sh o u ld  su ffice  to  k eep  th e  c o lu m n  
re p le n ish e d . A d d itio n a l w a te r  w as  ad d ed  u n t i l  n o  m o re  p e rc o la te d  in to  th e  so il c o lu m n  
an d  a h ead  o f  excess w a te r  re m a in e d  a t th e  su rface .
A  la y e r  o f  s to n e s  w as b u rie d  2 cm  b e lo w  th e  su rface  o f  th e  4 cm  deep  san d  co lu m n . It 
w as  h o p ed  th a t  u s in g  a s in g le  s to n e  la y e r  w o u ld  re d u c e  th e  u n c e r ta in ty  in v o lv e d  in  
d e te rm in in g  w h e th e r  th e re  h a d  b e e n  m o v e m e n t u p w a rd s  o r  d o w n w a rd s  w i th in  th e  
c o lu m n . A s  w ith  th e  p re v io u s  r u n  th e  p re sen ce  o f  s to n e s  a t th e  su rface  w o u ld  be  a 
d e f in ite  in d ic a tio n  th a t  h e a v in g  h a d  o ccu rred .
L iq u id  n itro g e n  w as  n o t  u sed  d u r in g  th is  ru n , s in ce  p u re  w a te r  w a s  b e in g  u sed  n o  
fre e z in g  p o in t d e p re ss io n  w as  e x p e c te d  a n d  th u s  th e  f re e z e r’s co o lin g  sy s te m  w o u ld  be 
su ff ic ie n t to  cool th e  sam p le  to  fre e z in g . T h e re  w as  a lso  so m e  c o n c e rn  th a t  th e  ra te  o f  
f re e z in g  in  th e  p re v io u s  ru n  h ad  b e e n  to o  h ig h  fo r  ice len ses  to  fo rm  w i th in  th e  so il, as 
th e  e n tire  sam p le  ap p ea red  to  h av e  f ro z e n  v e ry  ra p id ly , r a th e r  th a n  th e  co ld  p la te  
g e n e ra tin g  a f re e z in g  f ro n t  w h ic h  s lo w ly  p ro p a g a te d  th ro u g h  th e  sam p le .
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14.3.4*2 Results
I t  w as  fo u n d  th a t  u s in g  th e  f re e z e r’s co o lin g  sy s te m  d id  n o t  s ig n if ic a n tly  red u ce  th e  
ra te  o f  f re e z in g , an d  in  fac t th e  san d  a ro u n d  th e  lo w e r e n d  o f  th e  p e rfo ra te d  p ip e  froze , 
p re v e n tin g  w a te r  f ro m  b e in g  e ffe c tiv e ly  fed  in to  th e  sam ple .
N o  s ig n if ic a n t m o v e m e n t o f  th e  s to n e  la y e r  w as o b se rv ed  w h e n  th e  c o lu m n  w as 
ex c a v a ted  a f te r  12 cycles. A  se c tio n  th ro u g h  th e  ex cav a ted  c o lu m n  is sh o w n  in  F igu re  
14.8. D ip p in g  a ru le r  in to  th e  san d  u n t i l  it  e n c o u n te re d  th e  to p s  o f  th e  s to n es  p ro d u ced  a 
ra n g e  o f  d e p th s  fo r  th e  to p  o f  th e  s to n e  la y e r  b e tw e e n  1.3 an d  2 cm  b e lo w  th e  su rface . 
T h is  f i ts  w i th  th e  o r ig in a l b u ria l d e p th , as th e  s to n es  w ere  b u rie d  a t 2 cm  d e p th  an d  are  
u p  to  0.5 cm  h ig h . A  few  s to n e s  ap p ea red  to  be h ig h e r  u p , b u t th e y  w e re  lo ca ted  above 
th e  w a te r  p ip e  an d  so w ere  lik e ly  to  h a v e  b een  d isp laced  w h e n  th e  p ip e  w as  b e in g  lif ted  
to  feed  m o re  w a te r  in to  th e  sy s tem .
M o s t s to n e s  w ere  fo u n d  to  be 1.5 cm  ab o v e  th e  b o tto m  o f  th e  co lu m n , o r 1.4 cm  n e a r  th e  
c e n tre  o f  th e  sam p le . A  few  s to n e s  m ig h t h av e  b e e n  as lo w  as 1 cm  ab o v e  th e  b o tto m  o f  
th e  tra y , b u t  as i t  w as h a rd e r  to  m a k e  m e a s u re m e n ts  d o w n  f ro m  th e  s to n e  la y e r th a n  u p  
th e se  o b se rv a tio n s  are  n o t  co n c lu s iv e . I t  is im p o ss ib le  to  co n c lu d e  th a t  so r tin g  h ad  
o ccu rred  in  th is  ru n .
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N o  U p w a r d s  
M ig ra t io n
S to n e  Laye r
N o  D o w n w a r d ;  
M ig ra t io n
F ig u re  14.8: c ro ss  se c tio n  th ro u g h  th e  so il c o lu m n  sh o w in g  th a t  th e re  h a d  b e e n  n o  
s ig n if ic a n t d isp la c e m e n t o f  s to n e s  f ro m  th e ir  o r ig in a l b u r ia l  d e p th .
14.3.5 Sorting experiment 6
Since  it seem ed  like ly  th a t  past e x p e r im e n ts  h av e  f ro z e n  to o  rap id ly ,  p re v e n t in g  th e  
d e v e lo p m e n t  o f  a f ro z e n  f r inge  a n d  th u s  ice lens  seg rega tion ,  it w as  dec ided  to  a b a n d o n  
th e  use o f  th e  cold p la te  a l toge the r .  A n  e x p e r im e n t  w as  c o n d u c te d  w i t h  a v e ry  s low  ra te  
o f  cooling  to  te s t  th is  h y p o th e s is .
14.3.5. i Setup
A n  e x p e r im e n ta l  se tup  s im ila r  to  th a t  used  fo r  e x p e r im e n t  o n e  w as  c rea ted ;  a 
t r a n s p a re n t  box, s l ig h t ly  la rger  t h a n  th e  o r ig in a l  g lass beakers  w as  filled w i t h  a c o lu m n  
o f  s a n d /c la y  m ix tu r e  8 cm  h igh . E qual  p a r ts  o f  sand  a n d  c lay  h a d  b een  m ix e d  in  an  
a t t e m p t  to  g en era te  a f in e r  frac tion ;  h o w e v e r  it f o rm e d  c lu m p s  w h ic h  w e re  n o  f in e r  
t h a n  th e  sand  g ra in s  th e m se lv e s .  A  layer  o f  g rave l  w as  p laced  at a h e ig h t  o f  b e tw e e n  3
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a n d  5 cm , a long  w i th  a b a n d  o f  red  co loured  sand , w h ic h  w as  s l ig h t ly  coarser  t h a n  the  
m a in  su b s tra te .  T h e  c o lu m n  w as  sa tu ra te d  w i t h  p u re  w a te r  b y  a d d in g  w a te r  to  th e  top  
o f  th e  c o lu m n  an d  a l lo w in g  it to  d ra in  in to  th e  soil o v e r  a per iod  o f  a day, u n t i l  a head  
o f  w a te r  r e m a in e d  above  th e  top  o f  the  soil c o lu m n .  T h e  se tup  fo r  th is  e x p e r im e n t  is 
s h o w n  in  F igu re  14.9.
W a te r  Level
F ig u re  14.9: A p p a ra tu s  fo r  th e  f in a l so r tin g  e x p e r im e n t. R ed san d  w as u sed  to  d e m a rk  
th e  b o u n d a ry  o f  th e  lay e r in  w h ic h  th e  s to n e s  w e re  ex p ec ted  to  be fo u n d , a) S ide  v iew
o f  th e  san d  co lu m n , b ) e x p e r im e n ta l se tu p .
T h e  layers  o f  sand  a n d  s to n es  w ere  o r ig in a l ly  flat; h o w e v e r  th e  a d d i t io n  o f  th e  w a te r
d is ru p te d  th e  levels o f  th e  d if fe re n t  layers. C o n s e q u e n t ly ,  all m e a s u re m e n ts  w ere  m ad e  
w i t h  re fe ren ce  to  the  su rfaces  s h o w n  in F igure  14.9. T h e  c o lu m n  w as  sa tu ra ted  by  
e m p la c in g  a head  o f  w a te r  above th e  surface  an d  a l lo w in g  it to  d ra in  th ro u g h  the  
m a t r ix  o v e r  th e  course  o f  a day.
T h e  th e r m a l  cyc ling  c h a m b e r  used  in  e x p e r im e n t  one  w as  p ro g ra m m e d  to  cool th e  air  
f r o m  5°C to  -io°C at a ra te  o f  o.2°C p e r  h o u r  an d  h ea t  at o .4°C pe r  hou r .  A  w e b c a m  w as  
set up  to  record  a f r a m e  ev e ry  m in u te  so th a t  a n y  m o v e m e n t  o f  s tones  w o u ld  be 
reco rded .  F o u r  cycles w e re  c o n d u c te d  o v e r  th e  p e r iod  o f  a m o n th .  A f te r  w h ic h  the  
sam p le  w as  re m o v e d  f ro m  th e  ov en  an d  e x a m in e d .  A s  w i th  th e  p rev io u s  e x p e r im e n ts  
in  th i s  series n o  s ig n if ican t  m o v e m e n t  o f  th e  s to n es  could  be seen. A  fu r th e r  fo u r  cycles 
w e re  co n d u c te d ,  th e  cooling  ra te  r e m a in e d  u n c h a n g e d  at o.2°C h  1 b u t  the  ra te  o f  h e a t in g
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w as  inc reased  to  2.5°C h  ' t o  speed up  th e  process, s ince  it w as  be lieved  th a t  th e  ra te  o f  
coo ling  w as  m o re  s ig n if ican t  to  the  ice lens  fo r m a t io n  process.
14.3.5.2 Results
A f te r  a to ta l  o f  e ig h t  cycles it w as  co n c lu d ed  th a t  th e re  w as  n o  s ig n i f ic a n t  c h a n g e  in  the  
p o s i t io n  o f  th e  s tones  b e tw e e n  th e  s ta r t  o f  th e  e x p e r im e n t  an d  its  co n c lu s io n .  F igure  
14.9 sh o w s  befo re  an d  a f te r  im ages  f ro m  th e  w e b c a m  an d  in d ic a te s  a lack  o f  m o v e m e n t  
in  th e  clasts, b u t  th a t  th e  f ine  red  sand  h as  b een  d isplaced. T h e  ca m e ra  p o s i t io n  sh if ted  
d u r in g  th e  course  o f  th e  second  stage o f  th e  e x p e r im e n t ,  b u t  th is  h a d  a m i n im a l  e ffec t 
on  d e te rm in in g  th e  lack o f  d isp la c e m e n t  as th e  re la t ive  p o s i t io n  o f  th e  c lasts  w a s  c lea r ly  
u n c h a n g e d .
14:23:16
a) before b) after
F ig u re  14.10: B efo re  a n d  a f te r  p h o to s  o f  th e  so il c o lu m n , sh o w in g  n o  m o v e m e n t  in  th e  
la rg e  b lack  c lasts  as a re s u lt  o f  th e  fre e z e  th a w  cy c lin g .
T h e r e  w as  a s l igh t  d isp la c e m e n t  o f  th e  red  san d  gra ins ,  th e  laye r  h a d  b e e n  d is to r te d  at
th e  edges an d  co rners ,  b u t  w h e th e r  th is  w as  due  to  th e  d is tu rb a n c e  caused  b y  p o u r in g
w a te r  in to  th e  sam ple  is u n k n o w n .  Litt le  c h a n g e  w as  ob se rv ed  d u r in g  th e  se c o n d  stage
o f  th e  e x p e r im e n t  w h e n  w a te r  w as  a lread y  in  place. It  is poss ib le  th a t  th e  c o lu m n  w a s
too  sa tu ra ted ,  as th e  h ead  o f  w a te r  th a t  w as  e m p la c e d  above  th e  to p  o f  th e  su rface  d id
n o t  en t i re ly  d isappear ,  h o w e v e r  th is  w as  in  l ine  w i th  th e  m e th o d o lo g y  o f  seve ra l  o f  th e
p re v io u s  s tud ies  d iscussed  in  S ec t io n  14.2.1, in  p a r t ic u la r  th a t  o f  C o r te  (1963). T h e r e
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ap p ea rs  to  be a m ig ra tio n  o f  th e  sm a ll c lu s te rs  o f  c lay  p a r tic le s  d o w n  th ro u g h  th e  sand  
c o lu m n  to  b e lo w  th e  lev e l o f  th e  red  lay e r. T h is  m a y  in d ic a te  illu v ia tio n  o f  th is  
m a te r ia l  b y  th e  w a te r  s a tu ra tin g  th e  c o lu m n .
N o  e v id e n c e  o f  ice len s  g ro w th  can  be seen  in  th e  p h o to g ra p h s . A  fre e z in g  f ro n t  c a n n o t 
be seen  to  p ro p a g a te  d o w n  th ro u g h  th e  san d  c o lu m n . T h e  su rface  w as  n o t  ob serv ed  to  
h eav e  d u r in g  th e  co u rse  o f  th e  fre e z in g  cycles so it  w o u ld  a p p e a r th a t  th e  red u ced  
fre e z in g  ra te  w as n o t  su ff ic ie n t to  a llo w  ice se g re g a tio n  to  o ccu r u n d e r  th e se  c o n d itio n s . 
W h e th e r  th e  m a te r ia l  b e in g  u sed  w as  in s u ff ic ie n tly  fro s t-su sc e p tib le , o r w h e th e r  th e  
s a tu ra t io n  c o n d itio n s  w e re  in c o rre c t re m a in s  u n c e r ta in .
14.4 Further work
D e sp ite  th e  v a r io u s  re v is io n s  to  th e  e x p e r im e n ta l m e th o d o lo g y  it  p ro v e d  im p o ss ib le  to  
in i t ia te  so r tin g  u s in g  th e  la b o ra to ry  se t u p  av a ilab le  fo r  th is  s tu d y . C o n se q u e n tly , it 
w a s  n o t  p o ssib le  to  c o n f irm  w h e th e r  th e  so r tin g  p ro cess  is v iab le  a t th e  low  
te m p e ra tu re s  fo u n d  a t th e  m a r t ia n  su rface .
I t  seem s lik e ly  th a t  th e  la ck  o f  so r tin g  in  th e se  e x p e r im e n ts  w as la rg e ly  d u e  to  o n e  o f  
tw o  fac to rs . F irs tly  th e  m a te r ia ls  av a ilab le  w ere  n o t  su ff ic ie n tly  f ro s t-su sc e p tib le . In  
re tro s p e c t th e  m e d iu m -g ra in e d  san d  th a t  w as u sed  fo r  m o s t o f  th e  e x p e r im e n ts  a lm o s t 
c e r ta in ly  d id n ’t  h av e  a su ff ic ie n tly  la rg e  p ro p o r tio n  o f  th e  fin e  g ra in e d  c o m p o n e n t fo r 
ice len s  fo rm a tio n  to  ea s ily  in itia te . H o w e v e r  th e  fac t th a t  f in e r  g ra in e d  m a te r ia l  also  
d id  n o t  p ro d u c e  accep tab le  re su lts  su g g ests  th a t  th is  w as n o t  th e  o n ly  fa c to r  p re v e n tin g  
th e  success o f  th e  e x p e r im e n t.
Ice  le n s  fo rm a tio n  re q u ire s  a v e ry  lo w  ra te  o f  co o ling . I t  seem s lik e ly  th a t  in  m a n y  o f
th e se  e x p e r im e n ts  th e  so il c o lu m n  w as coo led  to o  fa s t a n d  so fro z e  co m p le te ly , a fro z e n
fr in g e  d id  n o t  h a v e  t im e  to  d ev e lo p  an d  so ice len s  fo rm a tio n  cou ld  n o t  be in itia te d .
P ro d u c in g  a f ro z e n  f r in g e  u n d e r  la b o ra to ry  c o n d itio n s  w o u ld  p ro b a b ly  re q u ire  a v e ry
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d if fe re n t se t u p  w h e re  th e  so il c o lu m n  w as  f ro z e n  s lo w ly  f ro m  th e  to p  d o w n , w h ile  
l iq u id  w a te r  w as c o n s ta n tly  re su p p lie d  f ro m  below . T h e  S tu d y  o f  C o r te  (1963) u sed  a 
f re e z in g  ra te  o f  30-42 m m  h  \  A  re se rv o ir  o f  w a te r  co u ld  be lo ca ted  o u ts id e  th e  cold 
c h a m b e r, se p a ra ted  f ro m  th e  so il c o lu m n  b y  a m e m b ra n e . T h e  sides o f  th e  c y lin d e r  
co u ld  be b e t te r  in su la te d , so th a t  co o lin g  o n ly  o ccu rred  f ro m  th e  to p , as th e  a ir  
te m p e ra tu re  w ith in  th e  c h a m b e r  w as  lo w ered  s low ly , u s in g  a c o m p u te r  c o n tro lle d  
sy s te m . U n fo r tu n a te ly  th e re  w as  in s u f f ic ie n t  t im e  a t th e  en d  o f  th is  in v e s tig a tio n  fo r  a 
c o m p le te  re d e s ig n  o f  th e  sy s te m  to  ta k e  p lace . I t  w o u ld  be v e ry  in te re s tin g  to  c o n d u c t 
a n o th e r  series o f  e x p e rim e n ts , p e rh a p s  u s in g  e x a c tly  th e  sam e  s y s te m  as o n e  o f  th e  
s tu d ie s  d esc rib ed  in  S e c tio n  14.2.1. T h a t  w a y  th e  e x p e r im e n t co u ld  m o re  q u ick ly  
a d v a n c e  to  s tu d y in g  th e  e ffec t o f  f re e z in g  p o in t  d ep re ss io n .
O n c e  a fu n c tio n a l m e th o d o lo g y  w as  dev e lo p ed , th e n  th e  o r ig in a l p la n  to  te s t  th e  
e fficacy  o f  th e  fro s t h e a v in g  e ffec t a t lo w er te m p e ra tu re s  co u ld  be c o n d u c te d  as 
o u tlin e d  in  th e  m e th o d o lo g y  sec tio n . In  w o u ld  a lso  be u se fu l to  in v e s tig a te  th e  e ffe c t o f  
b r in e s  o n  th e  so r tin g  e ffec t to  d e te rm in e  w h e th e r  th e  re d u c tio n  in  f ro s t h e a v in g  
o b se rv ed  b y  C h a m b e r la in  (1983) b eco m es w o rse  w h e n  m o re  e x o tic  a n d  c o n c e n tra te d  
b rin e s , w ith  p ro p o r tio n a lly  lo w e r e u te c tic  te m p e ra tu re s , a re  u sed .
14.5 S u m m a r y
T h e  m a in  c o n c lu s io n  w h ic h  can  be d ra w n  f ro m  th is  w o rk  is th a t  th e  s y s te m  is se n s itiv e  
to  a w id e  v a r ie ty  o f  c o n d itio n s . T h e  ra te  o f  co o lin g , an d  th u s  th e  te m p e ra tu re  g ra d ie n t 
th ro u g h  th e  so il c o lu m n , m u s t  be v e ry  lo w  fo r  so r tin g  to  occur. T h is  is n o t  n e c e ssa r ily  
th e  case u n d e r  m a r t ia n  c o n d itio n s  w h e re  e x tre m e s  o f  te m p e ra tu re  m a y  be m o re  
p re v a le n t. W a te r  m u s t be re a d ily  av a ilab le  to  fo rm  a n  e x te n s iv e  f ro z e n  f r in g e  a n d  th e  
s u b s tra te  m u s t be su ff ic ie n tly  f ro s t-su sc e p tib le  to  a llo w  f ro s t  h e a v in g  to  occu r.
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T h e  lack  o f  w a te r  a v a ila b ility  u n d e r  m a r t ia n  c o n d itio n s  w o u ld  be a m a jo r  l im itin g  
fa c to r  in  d e te rm in in g  w h e th e r  su ch  so ils are  f ro s t-su sc e p tib le  o r n o t. T h in  f ilm s  o f  
w a te r  h a v e  b e e n  sh o w n  to  fo rm  u n d e r  m a r t ia n  c o n d itio n s  (S iz e m o re  e t al., 2014) b u t 
o n ly  in  u n u s u a l c irc u m sta n c es . C o n se q u e n tly , it  c an  be co n c lu d ed  th a t  th e se  p rocesses 
sh o u ld  n o t  be ex p ec ted  to  be c o m m o n  u n d e r  m a r t ia n  c o n d itio n s . P erig lac ia l 
e n v iro n m e n ts  sh o u ld  o n ly  be fo u n d  in  iso la ted  lo c a tio n s  w h e re  th e  p ro p e rtie s  o f  th e  soil 
a re  co n d u c iv e  to  th e  fo rm a tio n  o f  ice lenses, a n d  su ff ic ie n tly  c o n c e n tra te d  b r in e s  are 
p re se n t in  th e  su b su rface  to  a llo w  th a w in g  to  occur.
A lth o u g h  th e  e ffec t o f  b r in e s  o n  ice len s  fo rm a tio n  cou ld  n o t  be assessed  in  th is  s tu d y  it 
seem s lik e ly  th a t  th e  dec reased  f ro s t  h e a v in g  o f  sa lin e  sy s te m s  d esc rib ed  by  
C h a m b e r la in  (1983) w o u ld  m e a n  th a t  i t  w o u ld  ta k e  fa r  lo n g e r fo r  a s ig n if ic a n t deg ree  o f  
so r tin g  to  d ev e lo p  i f  c ry o b rin e s  a re  b e in g  re lied  u p o n  to  dep ress  th e  fre e z in g  p o in t. I t  is 
im p o ss ib le  to  co n c lu d e  w h e th e r  so rted  p a tte rn e d  g ro u n d  cou ld  o ccu r u n d e r  m a r t ia n  
c o n d itio n s  w ith o u t  co n sid e rab le  f u r th e r  w o rk  to  d ev e lo p  a w o rk in g  m e th o d .
4 4 8
15 Appendix Two: Large print reproductions of 
Important Maps.
S ev era l o f  th e  la rg e r m a p s  p re se n te d  in  th is  th e s is  c o n ta in  f in e  d e ta il a n d  sm a ll p r in t  
an d  sy m b o ls . T h is  se c tio n  c o n ta in s  cop ies o f  th e se  f ig u re s  a t tw ic e  th e  size  p re se n te d  in  
th e  te x t  fo r  ease  o f  leg ib ility . T h e y  a re  o th e rw ise  id en tica l.
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F igure  5.7: Examples o f the different grades o f patterned ground, a) grade zero, no pattern, b) 
grade one, c) grade 2, d) grade 3, e) grade four, f) grade five, perfectly clear pattern.
£■
& , § ( ■
**■
m Vv.
I
9k
*
»
»v
* i a*- c ,
i f c
t  V .A ...
$  *
-  ‘ . ■< • . • '  a  •
, % a
> «
• » *  s
* . ♦
_ _  A *
s > ^  s
> * a # ^ «  j
v \  *
\  A
$
- V *" Vv5>« /  7 Vv c • * /• ^
^  { •  ^ V  • •  /  •  I
r <  # * ,  /  %
• #1  M i  •  .  /  /  { • •  %
• j V  •  #  •  .  . y  '  •
. f  k * *  s  % \
•  •  s  X  •  i f  & ;•  * < v *  ■ •
: i  ^ 4 5 %  - ^ -  '  \  •
■ '  ’  * "
•  •  • ’.  •v <n R  ’ •*  1 # •  #  ^  ,p  •*  .• rU’V •*«: • ..*..%  r. 3*
* •  < i  * . t r »  .  « t :  *
/
|
> v f  »  v .
v  * *
/  \
m
m
#
.  *'
• • •*(•.. • •*r*. %U + 0 .  .  • •
.
*
* T *  .  •*.*. \  • .
N 150 km #  Boulder Patches in CTX 'A  Discontinuous Net
▲ 1 A Lobate Features ★  Sorted PolygonA A Rubble Piles ♦  Sorted Stripes
Figure 5.8: distribution o f boulder patches in north-western Acidalia Planitia showing the area 
surrounding Lomonosov Crater. The surrounding plains are uniform ly classified as part o f the 
Vastitas Borealis interior unit.
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